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Provitamin D, in Tissues and the Conversion of Cholesterol 
to 7-Dehydrocholesterol in vivo 


By MARY GLOVER, J. GLOVER anp R. A. MORTON 
Department of Biochemistry. The University of Liverpool 


(Received 25 April 1951) 


The discovery that the absorption bands at 293, 
281-5 and 271 my. (Heilbron, Kamm & Morton, 
1926, 1927) present in fractions obtained in the 
recrystallization of cholesterol were shown very 
strongly by ergosterol (Rosenheim & Webster, 
1927) focused interest on the latter and culminated 
in the isolation of calciferol (vitamin D,). Some time 
later it was recognized that 7-dehydrocholesterol 


was a provitamin D and vitamin D, was eventually . 


obtained pure. 

Vitamin D, in fact appeared to be the principal, 
if not the only ‘natural’, vitamin D. With the 
achievement of commercial production interest in 
the field declined, although many problems re- 
mained unsettled. 


Perhaps the most important of these is the bio-- 


genesis of provitamin D. In the herbivorous animal, 
the dietary sterols, sitosterol, stigmasterol, etc., are 
unlikely to be responsible for the appearance of 7- 
dehydrocholesterol. Ergosterol, which is character- 
istic of yeasts and fungi, could scarcely account for 
the wide distribution of provitamin D, in animals. 
The present work provides evidence of a reversible 
enzymic dehydrogenation of cholesterol mainly in 
the gut wall. The 7-dehydrocholesterol is thus not of 
dietary origin. It may have biological functions 
independent of its role as provitamin D,. 


EXPERIMENTAL 


General. The scope of the present investigation 
may be set out as follows: (i) determination of the 
properties of pure 7-dehydrocholesterol, (ii) the esti- 


mation of provitamin D, in animal tissues, (iii) dis- 
tribution of provitamin D, in guinea pig, rat and 
ox tissues, (iv) a closer study of 7-dehydrochole- 
sterol in the skin and small intestine of the guinea 
pig, (v) sterol metabolism in the small intestine of 
the guinea pig and the reversible dehydrogenation 
of cholesterol. 
Methods 


Absorption spectra were determined using a Beckman 
photoelectric spectrophotometer with spectroscopically 
pure ethanol as solvent. 

Optical rotation measurements were carried out using a 
0-5% solution in the same solvent in a 0-5 dm. cell. 

Materials. Tissues were obtained from freshly killed rats 
and guinea pigs. Ox tissues were obtained from the abattoir 
and were examined without delay. 

Cholesterol was recrystallized until it no longer showed the 
7-dehydrosteroid absorption bands. 

7-Dehydrocholesterol was obtained (approximately 90% 
purity) from Peboe Ltd., London, and purified by recrystal- 
lization from ethyl acetate. However, after drying over 
H,SO,, both the melting point and the optical rotation were 
low. Further recrystallization from the same solvent, 
followed by desiccation over CaCl,, gave a product of 
satisfactory purity (Table 1). The highest absorption occurs 
at 281-5 mp. (E12, =308; pax. =11840). As will be seen 
later, it is necessary to rely upon spectrophotometric 
readings for the determination of 7-dehydrocholesterol, and 
the most convenient way of describing the absorption 
spectrum of the pure substance is given in Table 2. 

Administration. Thesterols were dissolved in warm methyl 
oleate or myristate, allowed to cool with stirring, and doses 
of 1 ml./animal of the thick suspension were given orally 
from a pipette with a wide jet; cholesterol 0-25 g./ml.; 
7-dehydrocholesterol 0-2 g./ml. 


Table 1. Properties of 7-dehydrocholesterol 


M.p. Optical rotation 
142-143-5° [a3 = — 113-116° 
(CHCI,) 
150° [x]}° = — 126-7° 
149-150° = — 122-5° 
(in C.Hg) 
148-149° — 
126° -- 
135-138° [a] His = — 82° 
*146° [a]3"° = —117° 
(ethanol) 


E}%,” (281-5 mp.) 


Reference 
— Windaus, Lettré & Schenck (1935) 


— Boer e¢ al. (1936) 
_ Boer et al. (1936) 


— Schenck, Weise & Buchholz (1936) 


280 Hogness, Sidwell & Zscheile (1937) 
284 Present authors 
308 Present authors 

(ethanol) 


* Recrystallized (twice) from ethyl acetate and dried over CaCl, overnight. 
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A A 
(my.) E (mp.) 
240 0-183 276 
245 0-225 277+ 
250 0-321 278 
255 0-426 279 
260 0-608 280 
262 0-657 281 
265 0-700 281-5* 
268 0-823 282 
270 0-931 283 
271 0-957 283-75f 
271-5 0-958 284 
272 0-951 285 
273 0-915 286 
274 0-883 287 
275 0-855 288 


* ene. = 11840. 


Estimation of provitamin D, in tissues 


A weighed portion of tissue is usually saponified directly 
by refluxing with ethanolic KOH without preliminary ex- 
traction of the lipid fraction. In some cases the absorption 


08 
0-7 
06 
05 
E 
0-4 
0-3 
0-2 


01 


0 


230 350 


270 «6290 §=6310 = 330 


Wavelength (mp.) 


250 


Fig. 1. Absorption spectrum (—) of the unsaponifiable 
fraction of guinea pig intestine and the interpolated curve 
Ae seeks ) representing irrelevant absorption. 


spectrum of provitamin D, is clearly shown by the total 
unsaponifiable fraction; in other cases a preliminary 
chromatographic separation is desirable. The spectrum of 
pure 7-dehydrocholesterol (or of other provitamins such as 
ergosterol) shows only very weak absorption at wave- 
lengths shorter than 230 mu. or longer than 300 my. On the 
other hand, the spectra of tissue extracts usually exhibit 
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Table 2. Extinction values for 7-dehydrocholesterol (E) expressed as fractions of 
Eyax, 281-5 my. (in ethanol) 


A 
E (muz.) E 

0-842 289 0-537 
0-854 290 0-539 
0-889 291 0-560 
0-930 292 0-573 
0-971 293 0-573 
0-997 294 0-548 
1-000 295 0-495 
0-989 298 0-226 
0-930 300 0-133 
0-857 310 0-008 
0-832 320 0-005 
0-744 

0-642 

0-593 

0-548 


+ H=6/7 £,,,x. within experimental error. 


appreciable absorption on the long-wave side of 300 mu. 
and steeply rising unselective absorption on the short-wave 
side of 240 my. This indicates that substantially linear 
(A/Z) irrelevant absorption is superimposed on the character- 
istic selective absorption due to the 7-dehydrosteroid. It is 
often legitimate to interpolate the irrelevant absorption 
between 240 and 300 muy. (Fig. 1). By reading off the 
‘irrelevant’ absorption at 281-5 muy. it is possible to correct 





320 360 


Wavelength (mj) 


240 280 


Fig. 2. Absorption spectra of the unsaponifiable fractions of 
guinea piglivers. A, controls; B, animals sacrificed 19 hr. 
after dosing with 0-25 g. cholesterol. 


the gross reading and arrive at an approximate intensity for 
the 7-dehydrosteroid contribution. The correction procedure 
devised by Morton & Stubbs (1946, 1948), primarily for 
vitamin A determinations, was applied to the problem of 
determining ergosterol by Stubbs & Shakir (1948). For pure 
7-dehydrocholesterol the intensity of absorption at 277 and 
283-75 mu. is 6/7 that at 281-5 my. (Table 2). When an 
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observed curve is made up of a component due to the 7- 
dehydrosteroid and a component exhibiting linear (irrele- 
vant) absorption between 277 and 284muy., then the 
corrected contribution at the maximum is given by the 


expression : 
Ecort, =7 (Eq ~ 4B, - 42s), 


where H,, HE, and FE, are the observed extinctions at 277, 
281-5 and 283-75 mu. respectively. 

Over a wide range of samples the Morton-Stubbs method 
leads to a value for the irrelevant absorption agreeing very 
closely with the interpolated value (e.g. falling on the broken 
line, as in Fig. 1). Occasionally the method is inapplicable 
because the irrelevant absorption is not linear; this some- 
times happens when the correction is obviously quite small, 
but in other instances the material needs to be subjected to 
chromatography. 





240 260 280 300 320 
Waveiength (mp.) 


Fig. 3. Typical ultraviolet absorption spectra of the 
chromatographic fractions of the unsaponifiable matter 
from the small intestines of guinea pigs. Fraction 1, 
‘carotene’ and sometimes vitamin A and a substance 
exhibiting a maximum at 270 mz.; fraction 2, sterols; 
fraction 3, xanthophylls. 


A special problem may arise with liver fractions in which 
vitamin A and 7-dehydrosteroids are present in spectro- 
scopically equivalent amounts (asin Fig. 2). In such cireum- 
stances the absorption of vitamin A between 325 and 380 mz. 
is clearly shown and, from the properties of the pure vitamin 
(Cama, Collins & Morton, 1951), the curve can be continued 
from 325 to 230 my. Subtraction of the whole vitamin A 
curve from the observed curve may then give a difference 
spectrum agreeing very well with that of the 7-dehydro- 
steroid. 


Chromatographic separation of the sterol fraction 
from total unsaponifiable matter 


After systematic trials had been made, the following 
method was adopted. Standard alumina (Grade ‘O’, Peter 
Spence and Co.) was weakened by stirring in water 
(5 % w/w) under light petroleum. In testing unsaponifiable 
matter (about 0-1 g.) from guinea pig intestine the material, 
dissolved in light petroleum, was poured on to a column 
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(0-15 x 4 cm.) of weakened alumina and formed at the top a 
deep-yellow layer. The column was developed with 5% 
(v/v) diethyl ether in light petroleum (100 ml.); this sufficed 
to elute the whole of the yellow pigment (fraction 1). Sterols 
were eluted by further development with 10, 20 and 30% 
(v/v) ether-light petroleum (100 ml. portions in succession). 
The three portions combined gave fraction 2. Elution with 
50% ether-light petroleum (20 ml.) removed a yellow- 
orange fraction 3. Development rate was increased by air 
pressure from above. Fig. 3 illustrates the spectra of the 
fractions. Fraction 1 sometimes exhibited an absorption 
peak near 270 muy. and also contained any vitamin A present 
in the crude unsaponifiable fraction. Fraction 3 showed 
absorption in the visible due to ‘xanthophylls’. 

A number of unsaponifiable fractions from guinea pig 
intestines were examined spectroscopically before and after 
adsorption. There was an apparent loss of about 15 % of 
the 7-dehydrosteroid as a result of chromatography, but at 
present the choice lies between a good approximation and no 
result at all. About 75 % of the crude unsaponifiable matter 
(intestine) was recovered in the three fractions and fraction 2 
(sterols) accounted for roughly 60% of the whole. For 
guinea pig liver the recovery in the three fractions accounted 
for about 62 % of the crude extract and the sterol fraction 
amounted to 53% of the total unsaponifiable matter 
(average of five tests). The nature of the material retained 
on the column has not been pursued in the present study. 


RESULTS 


Table 3 shows that 7-dehydrocholesterol is not an 
invariable congener of cholesterol in animal tissues, 
although it is quite possible that if sufficiently large 
samples were recrystallized it could be detected in 
most. The 7-dehydrosteroid bands are shown very 
clearly in the unsaponifiable fractions obtained from 
the small intestines of cattle, guinea pigs and rats. 
Hitherto, the provitamin D has been regarded as 
mainly a constituent of skin, but in the guinea pig 
the small intestine is undoubtedly the tissue with the 
greatest amount. 

The spectrum of unsaponifiable matter from 
guinea pig bile shows a broad adsorption band 
between 265 and 278 mu., and the curves for the 
unsaponifiable matter from rat and guinea pig 
blood are similar. Sterol fractions obtained from the 
unsaponifiable part of rat blood by crystallization 
at 0° from a small volume of methanol, showed the 
293, 281-5 and 271-5my. bands, and earlier ex- 
perience in this laboratory with recrystallized 
sterols from ox blood is in full accord. 

In order to ascertain whether the 7-dehydrosterol 
in guinea pig intestine is free or esterified the 
washed small intestines of two animals were studied. 
The following details refer to the findings in Table 4. 


The total lipid (0-339 g.) was dissolved in ethanol (100 ml.). 
One-half (50 ml.) was reduced to dryness and the residue 
redissolved in ethanol (20 ml.). Cholesterol was determined 
gravimetrically as digitonide on two 10 ml. portions. The 
filtrate (containing excess digitonin) was tested for sterol by 
the Liebermann- Burchard reaction, for esterified cholesterol 


1-2 
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Table 3. Distribution of provitamin D, (7-dehydrosteroid absorption) in animal tissues 





Average 
Average wt. of Occurrence of 7-dehydrosteroid in 
wt. of ‘unsaponi- 
No. of tissue fiable’/animal ‘Unsaponifiable’ Sterol ! 
animals Tissue (g.) (mg.) fraction fraction 
Guinea pig } 
10 Brain 3-27 >12 <0-01% <0-01% 
(loss) 
Liver 22-00 112-4 Vitamin A band, <0-01% 
325 mu. only 
Intestine (small) 10-02 130-5 12% Approx. 6-6 % 
Skin — _ 0-04-0-4% 0-1-1:0% 
(portions from abdomen) 
Rat 
6 Adrenals = 27-4 Amax, 269 mp. Masked if present 
(weaker max. 
about 279 my.) 
10 Kidneys 1-53 12-6 + 0-01 Approx. 0-01% 
Liver 7:75 26-2 Vitamin A band, Approx. 0-01% | 
325 mu. only | 
Skin (from abdomen) 4-78 25 0-15% 0-22% \ 
Intestine (small) 1-43 13-5 0-45 % Approx. 0-5 
6 Intestine (small) 6-84 42 05% Not tested 
Ox } 
1 Duodenum 65 226 Not tested 0-48% 
Table 4. Composition of washed guinea pig intestine j 
(Two animals fasted, overnight. Weights 735, 740 g.) , 
Lipid from small intestine per animal (g.)* 0-339 
Unsaponifiable fraction per animal (g.) 0-074 
6-15 ; 


7-Dehydrosteroid (percentage of ‘unsaponifiable ’) 
Total cholesterol (percentage of ‘unsaponifiable’) 30 
Esterified cholesterol in lipid Nil 
Esterified 7-dehydrosteroid Not detected ‘ 


~ 


* Tissues pooled. 


FO teeta a 


Table 5. Distribution of 7-dehydrosteroid in adult albino guinea pig intestine 


(Animals weighed 700-900 g.; fasted 1 day.) 4 
7-Dehydrosteroid as 
Unsaponifiable oat 7 ; 
Wt. fraction % of % of wet 
(g.) (g.) ‘unsaponifiable’ tissue 
Guinea pigs A, # and F | 
Entire small intestine (A) 15-74 0-057 5-6 0-02 
18-26 0-074 6-1 0-025 


E and F (average) 
Guinea pig B : 


(a) Duodenum 0-85 0-0097 (1-:14%) 2-3 0-03 
(b) Upper ileum 5-83 0-0164 (0-28% 3-1 0-01 
(c) Lower ileum 3-80 0-0228 (0-6 %) 1-6 0-01 | 
Guinea pigs C and D ; 
Mucosa (average) 8-12 0-036 9-1 0-04 J 
6-34 0-058 0-73 <0-01 


Muscle (average) 








~~ 
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(by saponification followed by adding digitonin to the 
‘unsaponifiable’) and for 7-dehydrosteroid by ultraviolet 
absorption. All three tests were negative. 

A portion (25 ml.) of the remaining half of the total lipid 
in ethanol was reduced to dryness, weighed and divided into 
acetone-soluble and acetone-insoluble portions. The phos- 
pholipin fraction dissolved in light petroleum exhibited the 
provitamin absorption spectrum, presumably as a result 
of co-precipitation of 7-dehydrosteroid and phospholipin. 
Accordingly, the neutral fat and phosphatide fractions were 
remixed and the tests for free and combined sterol repeated. 
The remaining portion (25 ml.) of total lipid solution was 
saponified, the unsaponifiable matter weighed and the total 
sterol and 7-dehydrosteroid content determined. 


In the two animals considered here 30% of the 
‘unsaponifiable’ was sterol and about 6% 7- 
dehydrosteroid. 

Table 5 shows the distribution of the provitamin 
D, along the small intestine of the guinea pig. 
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Two albino animals on a normal diet (cubes from Lever 
Bros and Unilever) were killed after a 1-day fast. The small 
intestine of one animal (A) was saponified in toto; that of the 
other (B) was divided into three parts: (a) a length of 5 cm. 
from the pyloric sphincter (‘duodenum’), (6) and (c) equal 
halves of the remainder. Each portion was saponified 
separately and the unsaponifiable fraction obtained. 


The 7-dehydrosteroid is seen to be mainly in the 
‘duodenum’, although (because of the small 
amount of unsaponifiable matter in the upper ileum) 
the proportion of selectively absorbing sterol to total 
unsaponifiable matter is highest in the upper ileum. 

Table 5 also shows the distribution across the gut 
wall. 


The small intestines of two guinea pigs (C and D) were 
washed out, slit open longitudinally and stretched out on a 
board. The mucosal tissue was scraped off the underlying 
layer of muscle tissue, using the blunt side of a scalpel blade. 


Table 6. Distribution of 7-dehydrosteroid in guinea pig hide 


(Small portions of hide were taken at random from different parts of several animals.) 


Wt. 

(g-) 
Hair 14-3 
Cutaneous tissue 56-4 
Subcutaneous muscle 27-4 


‘Unsaponifiable’ 

(% of gross wt.) 7-Dehydrosteroid 
2-38 Trace* 
3-72 0-15 % (of ‘unsaponifiable’) 
0-18 None detected 


* Revealed only in recrystallized sterol. 


Table 7. 7-Dehydrosteroid of guinea pigs (a) in intestine of normal animals of different weights and animals 
on a ‘sterol-free’ diet, (b) in intestine and liver of infected animals as compared with normal animals 


Wt. (g.) ‘Unsaponifiable’ 7-Dehydrosteroid 
—--SSS@\ (as % of gross wt. (as % of 
No. Mean Range of small intestine) ‘unsaponifiable’) 
Albinos (a) Healthy animals 
2 345 (330-360) 0-45 3-0 
2 350 (325-375) 0-27 3-5 
6 365 (325-401) 0-35 3-3 
2 400 (399-401) 0-32 3-4 
2 475 (350-600) 0-85 4-2 
2 637 (600-675) 0-35 6-0 
Albinos on a ‘sterol-free’ diet 
2 350 — 1-06 3-7 
Mixed breeds 
1 200 — 0-49 4-2 
3 295 (290-300) 0-23 4-7 
3 318 (270-365) 0-31 4:8 
2 400 (2; 400) 0-37 5-2 
(6) Diseased animals (liver tubercles) 
3 303 (205-380) 0-30 7:3 
3 282 (270-300) 0-37 7-0 
‘Unsaponifiable’ 7-Dehydrosteroid 
in liver in liver as % of 
(%) ‘unsaponifiable’ 
3 303 (205-380) 0-54 0-9 
3 282 (270-300) 0-68 0-36 
3 318 (270-365) 0-43* 0-19* 


* Livers of normal animals for comparison. 
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It is clear that although the separation so ob- 
tained is not complete, the 7-dehydrosteroid is 
almost entirely associated with the mucosal tissue. 

As the skin is, next to the small intestine, the 
richest tissue in 7-dehydrosteroid, portions of guinea 
pig hide were divided into hair, cutaneous tissue and 
subcutaneous muscle. Table 6 shows the results of 
the analyses. 

Table 7 shows that the 7-dehydrosteroid content 
(expressed as percentage of total unsaponifiable 
matter from guinea pig intestine) increases approxi- 
mately linearly with the weight of the animal. (In 
these experiments the weight is taken to be an 
approximate guide to age.) 

A few animals purchased for the work were found 
on post-mortem examination to have liver tubercles 
or nodules arising from Pasteurella pseudotubercu- 
losis. These guinea pigs showed a marked increase in 
the 7-dehydrosteroid content of both liver and small 
intestine (calculated on the total unsaponifiable 
fraction) as compared with healthy animals of 
similar weight kept for some time on a substantially 
sterol-free diet. This observation, although not 


Table 8. Similarity of distribution of 
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strictly germane to the argument, is recorded as a 
matter of interest. 

If the 7-dehydrosteroid absorption spectrum had 
been due to a dietary constituent, fasting should 
have resulted in a substantial reduction which did 
not occur. Again no diminution was observed when 
guinea pigs or rats were transferred from a normal 
to a sterol-free diet (Tables 7 and 8). The definition 
of the three maxima was improved in the fasting 
animals because of decreased ‘irrelevant’ absorp- 
tion attributable to lipid constituents undergoing 
digestion and absorption. 


Characterization of the 7-dehydrosteroid 
in guinea pig intestine 

(a) Attempted isolation. The selective absorption 
found in extracts from guinea pig intestine could be 
due (i) to enzymic dehydrogenation of cholesterol, or 
(ii) to microbiological synthesis of ergosterol in the 
intestine, possibly by yeasts. 

Boer, Reerink, Wijk & Niekerk (1936) isolated 
0-2 g. of pure 7-dehydrocholesterol from cholesterol 
of unstated origin, and Windaus & Bock (1937) 


7-dehydrosteroid in the tissues of rats on 


(a) diet very low in sterols, (b) normal cube diet 








Small Abdominal 
intestine Liver Kidney skin 
(a) Animals (five) on a ‘sterol-free’ diet 
Wt. of tissue (g.) 3-15 9-61 2-03 3-0 
‘Unsaponifiable’ (mg./rat) 25-5 11-5 12-0 23-8 
‘Unsaponifiable’ (mg./g. tissue) 8-1 1-2 5-9 7-9 
7-Dehydrosteroid (% of ‘unsaponifiable’) 0-7 Trace* Trace* 0-3 
(6) Controls (five animals) 
7-Dehydrosteroid (% of ‘ unsaponifiable’) 0-45 Trace* Trace* 0-3 
* Dehydrosteroid bands detectable, but the amounts are probably <0-1% in all cases. 
Table 9. Conversion of cholesterol to 7-dehydrocholesterol by guinea pigs 
(Dose 0-25 g.) 
7-Dehydrocholesterol in 
— — 
Average Intestinal contents Gut wall Liver 
wt./ Time ~ A, ———__— = 
No. guinea after (% of (% of (% of 
of pig Range dosing (mg. / ‘unsaponi- (mg./ ‘unsaponi- (mg./ ‘unsaponi- 
animals  (g.) (g.) (hr.) animal) - fiable)’ animal) fiable’) animal) fiable’) 
Exp. 1. Albinos 
6 365 (325-401) 0 — — 1:3 3-3 0-05 0-07 
5 322 (252-400) 5 0-001 0-05 3-1 4-4 0-24 0-48 
4 343 (310-400) 18 0-04 0-23 1-3 3-1 0-38 0-51 
Exp. 2. Albinos 
4 260 (4, 260) 5 Not tested Not tested 1-7 4:7 0-29 0-49 
4 302 (248-450) 19 Not tested Not tested 0-9 2-9 0-40 0-60 
Exp. 3. Mixed breeds 
3 318 (270-365) 0 0-01 0-15 1:8 4-8 0-11 0-19 
3 298 (275-320) 3 0-085 0-45 2-4 6-3 0-13 0-32 
3 298 (290-300) 8 0-087 0-69 2:3 4-6 0-28 0-54 
3 293 250-320) 12 0-11 0-46 2-2 5-6 0-21 0-38 
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from 100 kg. of hog skin isolated 0-379 g. of 7- 
dehydrocholesterol of 91 % purity. The amounts of 
guinea pig intestine available were inadequate for 
such isolation. Chromatography on alumina (5cm.), 
weakened by addition of water (5%), applied to 
0-231 g. of sterol (H}%, 281-5 mp.=25-6) gave a 
fraction (A 2) eluted by 10% ether-light petroleum 
(200 ml.) with #}%, 281-5mu.=71 (49mg.). A 
second chromatographic separation on this material 
gave fraction B1 (eluted by 200 ml. of 5% (v/v) 
ether-light petroleum, £}%, 281-5mp.=16) and 
fraction B2 (eluted by 200 ml. of 8% (v/v) ether- 
light petroleum, £}%, 281-5mp.=103). Repetition 
gave C3, HE}, 281-5 mp.=176 (2°8 mg.). 

Less intensely absorbing fractions were worked 
up similarly to give another 4mg. of material 
showing £}%, 281-5 mp.=165. The two fractions 
combined could not be further enriched by chromato- 
graphy. At this stage experiments were carried out 
with 7-dehydrocholesterol itself (5 mg.); chromato- 
graphy of such small amounts resulted in a loss of 
some 20% of the original intensity of absorption 
and it seemed unlikely that further work on a few 
milligrammes of material could effect further 
purification. However, the behaviour of the un- 
identified 7-dehydrosteroid on the column was the 
same as that of authentic 7-dehydrocholesterol. 
These experiments did not afford absolute proof 
that the selectively absorbing sterol of guinea pig 
intestine is entirely 7-dehydrocholesterol. 





(b) In vivo conversion of cholesterol to 7-dehydro- 
cholesterol 


(i) Control experiments in which dietary sterol was 
withheld. Experiments in which the stock diet had 
been made sterol-free (or practically so) failed to 
show any diminution in the 7-dehydrosteroid 
content of the wall of the guinea pig small intestine. 
This is important because, although sitosterols 
are not appreciably absorbed by animals (cf. 
Schénheimer, 1929a, b, 1931; experiments on rats), 
ergosterol can be absorbed more readily. Thus hens 
can transfer it to the eggs (Page & Menschick, 1932; 
Schénheimer & Dam, 1932; Windaus & Strange, 
1936). Tables 7 and 8 show that for guinea pigs and 
rats the 7-dehydrosteroid content of the small 
intestine is not removed (or even appreciably 
changed) by withholding preformed sterol from the 
diet for 2 weeks. 

Table 9 shows the results with groups of animals 
given 0-25 g./guinea pig and killed at intervals up 
to 19hr. after dosing. During the absorption of 
cholesterol the 7-dehydrosteroid content of the gut 
wall reached a maximum 3-8 hr. after dosing and 
then decreased slowly to a normal level. The amount 
of dehydrosteroid in the liver increased gradually 
as the cholesterol was absorbed in the gut. The 
absorption spectra (Fig. 2) of liver extracts of the 
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animal dosed with cholesterol, and of controls, show 
the effect clearly. Table 10 shows the results of 
feeding 7-dehydrocholesterol (0-2 g./guinea pig). 
The total steroid of the gut wall shows a definite 
increase during the main period of absorption 
(up to 15 hr.) which, like the total liver sterol rise, 
exceeds any increase attributable to the 7-dehy- 
drocholesterol alone. 


DISCUSSION 


The 7-dehydrosteroid content of skin varies with the 
species; thus Windaus & Bock (1937) found (in the 
total sterol) 0-16 % for deer skin, 3-6 % for pig skin, 
0-18% for cow skin and 1-5-2-4% for rat skin. 
Morton & Rosen (1949) found a high concentration 
(5% of the sterol) in the mature ovaries of frogs. 
Page & Menschick (1930) found that the sterols 
from brain contain more 7-dehydrosteroid in foetal 
life than in adult life. Halibut intestinal sterols have 
been found in this laboratory to exhibit the 7-de- 
hydrosteroid absorption bands clearly. Rosenberg 
(1949) found for clams 21-4 % of provitamin D in the 
visceral sterols and 7-8 % in the sterols from the rest 
of the body. 

The present investigation establishes the fact 
that 7-dehydrosteroid is to be found in the intestinal 
tissue of rat, ox and guinea pig. In the last-named 
there is a much greater concentration in the in- 
testine than in the skin, whereas in other species the 
difference is not striking. 

More detailed study of guinea pig small intestine 
showed a noteworthy absence of esterified chole- 
sterol and the presence of 1/15 to 1/5 of the total 
sterol as 7-dehydrocholesterol. The provitamin D 
(expressed as percentage of unsaponifiable fraction) 
is highest in the upper ileum; practically all of it 
occurs in the mucosae and very little in the muscle 
layer of the intestine. Similarly, there is no 7- 
dehydrosteroid in the hair or in the muscle tissue of 
skin although the true cutaneous layer is relatively 
well supplied. 

The results also show that the 7-dehydrosteroid 
content of guinea pig intestine tends to increase 
with increasing size (age?) and more surprisingly 
with the disease (P. pseudotuberculosis) associated 
with liver tubercles or nodules. 

Attempts to isolate pure 7-dehydrocholesterol 
from guinea pig intestine were not successful, 
although a small amount of material containing 
60% was obtained by chromatography. This 
failure left open the possibility that the unusually 
high 17-dehydrosteroid ultraviolet absorption in 
guinea pig intestine fractions had a dietary origin or 
could have been due to synthesis by yeasts in the 
alimentary tract. The likelihood of either explana- 
tion was diminished by the persistence of the 
absorption bands at high intensity in animals on a 
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practically sterol-free diet and in animals in a post- 
absorptive state. 

The question was settled by the demonstration 
that orally administered cholesterol is dehydro- 
genated in the intestine in a manner indicating an 
equilibrium 

cholesterol = 7-dehydrocholesterol 
15 : 1 approximately 


in both albino and coloured guinea pigs. During 
absorption the equilibrium is not strictly main- 
tained, and it would appear that all the sterol which 
enters the gut wall is open to attack by a cholesterol 
dehydrogenase. The cholesterol so exposed seems to 
be free and not esterified. Oral administration of 
7-dehydrocholesterol is followed by processes of 
absorption in the intestine and transference to the 
liver which can only be explained on the basis of 
a reversal of the dehydrogenation established for 
cholesterol. 

It is noteworthy that the recovery of sterol after 
feeding cholesterol or 7-dehydrocholesterol is very 
poor. The rise in liver sterol which might perhaps 
have been expected, did not in fact occur, and under 
the conditions of the experiments the liver is able to 
use or eliminate excess sterol rapidly. 

Since the completion of experimental work re- 
ported here, Popjaék & Beeckmans (1950) have found 
that in rabbits given D,O, synthesis of cholesterol 
takes place more rapidly in the intestinal tissue than 
in liver. Tuboi (1948) perfused rabbit liver with 7- 
dehydrocholesterol and noted a rapid disappearance 
with concomitant formation of cholic and deoxy- 
cholic acids. This observation is consistent with our 
finding that, above a certain low concentration, 


DEHYDROGENATION OF CHOLESTEROL IN VIVO 9 


7-dehydrocholesterol has a transient existence in 
liver. 

The main conclusion to be reached at this stage is 
that the animal is not dependent upon dietary pro- 
vitamin D but has the power to dehydrogenate 
cholesterol synthesized in its own body. The small 
intestine is the main (but not necessarily the only) 
site of the process. 


SUMMARY 


1. The properties of purified 7-dehydrochole- 
sterol have been determined, and a method of 
correcting ultraviolet absorption curves for irrele- 
vant contributions has been described and applied to 
sterol fractions prepared by an improved chromato- 
graphic method. 

2. The distribution of 7-dehydrosteroid has been 
studied for various ox, rat and guinea pig tissues 
with the result that the small intestine is shown to be 
relatively rich, especially in the guinea pig. 

3. The 7-dehydrosteroid is mainly concentrated 
in the mucosae and lamina propria of the absorptive 
part (duodenum) of the guinea pig intestine; it tends 
to increase (a) with increasing size, and (b) when the 
animals exhibit liver tubercles. 

4. Cholesterol, administered orally, dissolved in 
ethyl myristate or oleate, is dehydrogenated in the 
wall of the small intestine. The dehydrogenase 
enzyme acts in the reverse sense on orally ad- 
ministered 7-dehydrocholesterol. Much of the 
administered sterol is metabolized during the first 
24 hr. after dosing. 

We are indebted to the Ministry of Food and the Medical 
Research Council for financial assistance. 
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The interference optical method of observing the 
refractive index gradient changes occurring in an 
initially sharp diffusing boundary has been de- 
veloped on somewhat different lines in this country 
and the United States. Thus, Coulson, Cox, Ogston 
& Philpot (1948) and Ogston (1949) have developed 
an apparatus (the Gouy diffusiometer) primarily for 
use as a very rapid micromethod, and have used it 
mostly for rapidly diffusing substances or reasonably 
concentrated protein solutions, while Kegeles & 
Gosting (1947) and Longsworth (1947), utilizing the 
optical and cell systems of the Tiselius electro- 
phoresis apparatus, have emphasized the greater 
accuracy of the method, using larger quantities of 
material and much longer diffusion times; results on 
rapidly diffusing substances only have so far been 
published. 

It is the purpose of the present paper to show that 
the English form of apparatus, somewhat modified 
in minor details, may be used to give rapid results of 
reasonably good accuracy on protein solutions down 
to a concentration of about 0-2%, using only 1 or 
2 ml. of solution. This makes the method particu- 
larly suitable for use with electrophoretically iso- 
lated components of protein mixtures, on which the 
interest of this laboratory has been concentrated. 

With a cell suitable for the above quantities, and 
when using dilute (0-2%) albumin solutions, the 
downward displacement of the outermost inter- 
ference minimum, on the recording of which the 
method depends, is small (about 7 mm.) even when 
the boundary is sharp. Within 20 min. the displace- 
ment is under 2 mm. and it is not considered that 
values less than this figure may justifiably be used 
in the calculation. Accordingly, it becomes an 
essential feature of the present apparatus that the 
diffusion record shall be usable from very soon after 
the boundary has commenced to diffuse. This 
presents no particular difficulties with rapidly 
diffusing substances (such as sucrose), where any 
slight irregularity in the concentration gradients in 
the boundary rapidly disappears as the boundary 
spreads, but with the more slowly diffusing proteins, 
particularly when the density increment across the 
boundary is small, minute disturbances tend to 
persist proportionately very much longer, and cause 
anomalous diffusion coefficients to be obtained. This 


has also been the experience of Longsworth (1947) 
even with the American form of apparatus, where 
the later stages of diffusion may readily be ob- 
served; this work also demonstrated the difficulties 
involved in the use of any form of partition cell. 
These difficulties have been overcome, however, by 
certain slight refinements of experimental technique 
and minor modifications to components of the 
apparatus. As a result of this work, which has 
dealt with a single, well characterized protein, 
bovine serum albumin, a considerable amount of 
diffusion data have become available which permit 
the calculation of a diffusion coefficient for this 
protein possibly more accurate than values ob- 
tained by other methods. 

In addition, with a few of the solutions for which 
diffusion coefficients were determined, ultracentri- 
fuge experiments were performed, and the sedi- 
mentation constants calculated. The two sets of 
data have been combined to give a value of the 
molecular weight somewhat lower than the accepted 
value. 


EXPERIMENTAL 


The apparatus and its use are fundamentally the same as 
those described by Coulson et al. (1948) and Ogston (1949). 
The several factors which have been found to be of critical 
importance if reproducible results are to be obtained with 
dilute protein solutions have been examined. and where this 
has led to the modification of a component or procedure, 
this will be described in detail; otherwise, where the pro- 
cedure does not differ significantly from that previously 
published, no mention is made of it. 

The diffusion cell. This closely follows that described by 
Coulson e¢ al. (1948), but the thermostating compartments 


_are omitted, as the cell is mounted within a small water bath 


(see below). Possible sources of disturbance in the outflow 
line have been minimized by omitting a regulating tap or any 
other form of control; the flow rate is reduced to the correct 
order by passage through a 50 cm. length of 0-04 cm.-bore 
capillary. The latter is coiled so that it is completely 
mounted within the water bath; the outflow rate is about 
0-8 ml./min. 

The pipette. This component has a very great effect on the 
boundary formation; it has been found that two conditions 
relating to pipette size are essential: (a) Near equality of free 
surface areas of solution and.solvent. This was specified by 
Coulson e¢ al. (1948). If this condition is not fulfilled, flow 
rates of solution and solvent differ, the boundary becomes 
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sharper on one side than the other, and the position of 
maximum concentration gradient does not coincide with the 
vertical midpoint of the exit slit. Errors then arise from two 
sources: the boundary may never become sharp enough on 
its more diffuse side to give constant values of the fractional 
refraction increment, and, more important, such uneven 
sharpening produces a boundary which tends to diffuse 
anomalously in the early stages. (Boundary sharpening by 
the present method can never, of course, lead to an initially 
ideal (Gaussian) boundary, but it appears that a boundary 
sharpened symmetrically attains Gaussian form very much 
more rapidly.) (6) Avoidance of surface tension effects in the 
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bath, through which thermostated water is pumped at a 
temperature within 1° of room temperature (21—25°). This 
bath, of cast aluminium, is about 5 cm. wide (along the optic 
axis) x 10cm. deep x 15cm. long, and has optically flat 
windows opposite the cell position. The cell has two short 
Perspex arms which serve to clamp it to the top of the bath, 
and a third mounting is provided by the outflow tube, which 
passes over the bath wall and is secured to the latter by a 
rubber-lined brass clip. The bath is supplied from a large 
(101.) reservoir, provided with both cooling coils and 
heater. A constant-level device (mounted apart from the 
water bath) drains the outgoing water back to the reservoir. 





Fig. 1. Boundary-forming device. A, Polyvinylchloride reservoir of mercury; B, D, taps closed during diffusion; 
C, outflow capillary from cell; Z, secondary reservoir of mercury. Rubber bands (not shown) round the pegs P clamp 
the glass tubes to the supporting frame F (aluminium tubing), which is fixed to the cell thermostating bath by 


the mounting G. 


cell. A pipette of size conforming to the above condition 
leaves very little clearance between pipette and cell walls, 
and consequently surface tension effects become pro- 
nounced. Such effects, which may be a prolific source of 
boundary disturbances, disappear if the clearance is greater 
than about 1-2 mm. 

Consideration of these conditions has led to the use of a 
thin-walled (0-4 mm.) pipette, of radius such that the ratio 
of free cell to pipette surface areas is 3:2. After insertion in 
the cell, the pipette is clamped in a central and vertical 
position; with this system, if boundary sharpening is rapid, 
the errors listed above are not encountered. 

Thermostating. In view of the importance of maintaining 
accurate temperature control, the cell is thermostated on all 
surfaces; this is done by mounting it within a small water 


Boundary former. This device (see Fig. 1) is similar to, 
but somewhat simpler than, that described by Ogston 
(1949), and has proved very convenient in operation. The 
mercury reservoir is contained in stout polyvinylchloride 
tubing (A) connected by a capillary tube, fitted with a tap B 
to the outflow capillary C. To form a boundary, the tap B is 
opened, and the tube gently squeezed until a bead of mercury 
about 1 mm. long has been forced into the exit capillary; the 
tap is closed before the mercury bead reaches the end of the 
outflow capillary, thus sealing off the mercury reservoir 
from the diffusing boundary. After four or five runs the 
reservoir is refilled by opening a tap D at its upper end which 
connects it to a vertically supported wide-bore tube EZ 
containing several ml. of mercury. The advantages of this 
system, apart from its speed and simplicity, are that the 
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compressible reservoir is sealed off from the diffusion cell, 
and the pressures on either side of the tap B are so nearly 
equal that the possibility of leakage is remote. Although 
some 12 cm. of the outflow capillary are not thermostated in 
this arrangement, by working within one degree of room 
temperature, no anomalies traceable to this cause have been 
detected. 

Several self-breaking siphon boundary-forming systems 
were tried. These have the advantage that they could be 
mounted within the water bath and thus completely 
thermostated, and also that the operation of boundary 
forming could be made completely automatic; none, how- 
ever, was found to give the necessary abrupt cessation of 
flow which is characteristic of the mercury bead type. 

Optical system. This closely follows the one described by 
Coulson e¢ al. (1948). A 250 W. compact-source mercury 
lamp is used, and a combination of a green and a ‘minus-red’ 
filter proved adequate to isolate the A=5461A. line. The 
light source slit was kept at a constant width. 

The stop diaphragm is mounted in front of the cell. The 
construction of this is of some importance as the sharpness 
of the diffracting edges is a determining factor in image 
definition. Two types were found satisfactory and have been 
used in this investigation: (a) Photographic type. This was 
made by photographing on to maximum-resolution plates, 
with a magnification of 1/10, a drawing of the stops arrange- 
ment ten times the desired size. By over-exposure and over- 
development, followed by reduction, a negative of extremely 
high contrast was obtained, and the definition of the stop 
images with this diaphragm was very good. (6) Built-up 
type. The disadvantage of the photographic type of dia- 
phragm is that it introduces two more glass-air interfaces 
into the system, with consequent loss of intensity. The best 
results were obtained with a diaphragm which was built up 
of small pieces of razor blade, assembled in the correct 
positions under a measuring microscope. Completely 
straight, very sharp, interference lines were observed with 
this diaphragm. 

Deviating block and prisms. The plane glass deviating 
block in the path of the light traversing the double stop 
(forming the reference trace in the recorded image) is of 
thickness 1-2 em. The emergent light from the block, which 
is deviated vertically by a distance of 3-8mm., is then 
deviated laterally, by an amount equal to the lateral separa- 
tion of the stops, by a pair of prisms arranged horizontally in 
the light path. By this means the light forming the reference 
trace is made to record exactly vertically above the light 
traversing the cel]. This is very important, as the distance 
between the traces is measured at right angles to the 
reference trace, and it is thus essential that the two traces 
should have been recorded simultaneously. In the absence 
of the prisms any small disturbance caused by an irregu- 
larity in the drive of the scanning camera would affect the 
two traces to different extents. 

Camera. The lens arrangement differs from that of Coulson 
et al. (1948) only in that a cylindrical lens of focal length 
2-5cm. is used to focus the final image. The scanning 
arrangement consists of a lead screw (0-25in. British 
Standard Fine) mounted in twin ball races at one end, and 
driven via a two-speed reduction (1/3 and 1/9) gear box 
mounted directly on the camera back. The gear box is 
driven by a flexible drive from a 112 rev./min. (max.) 
motor, the speed of which is also controllable by a variable 
resistance. By this means, scanning times of from 90 sec. to 
45 min. are obtainable. As the camera is thus subjected to 
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slight mechanical vibration, it is not mounted on the 
optical bench, but directly on to the main concrete bench. 
There is no direct contact between the camera tube and the 
lens cover box mounted on the cell platform, and no vibra- 
tion was visible on the latter when the drive was on at full 
speed. A micro-switch on the camera back is actuated by 
the plate holder when the latter has completed its traverse 
of the diffusing image, and breaks the drive motor circuit. 

Mounted vertically above the optic axis, and as close as 
possible to it, is the time-marking device. A small bulb 
blackened except for a narrow strip on one side, illuminates 
a very narrow vertical slit, which is focused on the camera 
back by a short focus (0-5 in.) cylindrical lens. When the 
bulb is alight a very narrow vertical line is produced, directly 
above the stop images. The time marker itself utilizes the 
mechanism of a ‘Camera control’ unit used for aerial 
photography control (R.A.F.). This consists of an electrically 
actuated mechanical escapement, the period of which is 
independent of input fluctuations. By re-wiring the unit, 
and making some mechanical adjustments, the escapement 
unit was made to provide a pulse of about 0-1 sec. duration 
to the marker bulb. The interval between pulses can be set 
at any value between 2 and 50 sec., but for greater repro- 
ducibility, two stops were attached to the setting dial so 
that time intervals of either 10 or 45 sec. could be provided. 
The accuracy and reproducibility of this unit are quite good; 
once it is warm (i.e. after running for 20 min.) the time mark 
interval varied by less than 0-1%. 

Photography. After many trials it was found that best 
results were obtained by using a fine grain panchromatic 
plate (Ilford Thin Film Half Tone) and a mildly contrasting 
developer (‘Wellington Borax’). More rapid emulsions 
produce a loss in definition, and are more liable to shrinkage 
during processing. 

Measurement. With this apparatus the intensity on the 
focal plane is high, and hence the interference minima 
narrow, so that precise location of the minima is possible 
when observed under fairly high ( x 50) magnification. The 
travelling microscope used has a lead screw (tested by the 
National Physical Laboratory) of 1 mm. pitch with a drum 
graduated in tens of microns; all readings are estimated to 
the nearest micron. Illumination of the plates was from 
below using a glazed screen above the lamp to provide a 
diffuse source. The stage of the microscope is rotatable, so 
that after the plate has been clamped down, one traverse 
of the microscope can be accurately lined up along the 
reference trace. 

In general, four measurements of the double stop records 
were made, followed by about ten measurements of the 
diffusion trace. 

General. The whole apparatus was mounted on a stone 
bench in a sub-basement laboratory, which is some 20 ft. 
below ground level. Vibration, even during the day, was 
very slight and did not appear to have appreciable effect. 
All the electric motors, pumps, etc., were mounted together 
on a movable chassis, away from the main bench. Finally, 
the whole apparatus was supplied with stabilized electric 
power so that fluctuations in scanning speed, light intensity, 
etc., were obviated. 

Protein. Throughout this work crystallized bovine plasma 
albumin (Armour) has been used. This substance contains 
less than 0-01% globulins and has been used in many 
physical chemical investigations. (See, for example, 
Longsworth & Jacobsen, 1949.) Its electrophoretic pattern, 
obtained in the same buffer (sodium phosphates, J 0-10, 
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pH 6-8) as was used for the majority of the diffusion experi- 
ments, is shown in Fig. 2. The lack of enantiography between 
the ascending and descending boundaries is very marked, 
and resembles the behaviour below the isoelectric point 
reported by Longsworth & Jacobsen (1949), and ascribed by 
them to interaction between the different forms of the 
protein. Alberty, Anderson & Williams (1948), in an iso- 
electric electrophoresis spreading experiment, concluded 
that about 15% of a rather heterogeneous component was 
present. 


(a) oO oO (b) 

Fig. 2. Electrophoresis of bovine serum albumin. (a) As- 
cending (anode limb), (6) descending (cathode limb) 
boundaries after 207 min. at 3-64 V./em. Protein con- 
centration 0-8 % (w/v), in sodium phosphate buffer, 
I 0-10, pH 6-80. (O, O, position of original boundaries 
before passage of current.) 


For diffusion, the solutions were prepared by dissolving 
the protein directly in the buffer and then dialysing against 
a large excess of buffer for 2-4 days at 2-3°. Before running, 
the dialysis vessel and contents were allowed to come to room 
temperature. 

Experimental technique. The distances relating to the 
separation of the reference trace from the optic axis (m,, m2, 
mg, in the notation of Coulson eé al. 1948) have been found, in 
agreement with theory, to be independent of the buffer used, 
and consequently are not recorded for every diffusion run. 
The cell and contents are allowed to come to temperature 
equilibrium over about 30 min., after which a preliminary 
run is performed in order to check the height of the stop 
diaphragm (adjustment of this is seldom necessary): the 
boundary is sharpened for not less than 60 sec. before diffu- 
sion is allowed to start. This amount of outflow ensures that 
the contents of the lower part of the cell are renewed at 
least twice; thorough clearing of the cell has also been 
recognized by Gosting & Morris (1949) to be necessary for the 
removal of any minor anomalous concentration gradient 
adjacent to the boundary. 

As the boundary is sharpened on one side of the cell only, 
the interference bands produced in the focal plane during 
boundary sharpening are greatly tilted ; as diffusion proceeds 
they flatten out, a process which, with albumins, is complete 
after about 100 sec. The first 2 min. recording of the diffusion 
trace are accordingly not used for measurement. 

In general, aiffusion experiments have been recorded in 
duplicate (the pipette contains sufficient for four runs), 
about 30sec. recording of the fractional part of the re- 
fraction increment (sharp boundary) and from 15 to 
25 min. of diffusion being obtained in each case. 


Calculation of the diffusion coefficient 
D is calculated from the equation (Coulson et al. 1948) 


_ A(X?) |, FX 
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where X is the distance of the outermost interference 
minimum (sometimes referred to as a ‘dark band’) from the 
optic axis, ¢ the time, v the refraction increment across the 
boundary, and 8 a function, varying with v, the computation 
of which has been described and will be discussed below. 
F is the distance of the spherical lens used to focus the inter- 
ference pattern from the screen, and should be equal to its 
focal length; is the wavelength of the light used. The first 
(slope) term in the equation is determined from approxi- 
mately ten measurements of X at suitably spaced time 
marks, and either plotting the points graphically or by 
calculating the best straight line through them. The whole 
number part of the refraction increment v is equal to the 
number of interference minima (dark bands) in the diffusion 
record. When the fractional part is small (i.e. less than 0-2) 
the double stop record consists of three equally spaced inter- 
ference maxima, the displacement of this trace is positive, 
and the first dark band in the single stop record is narrow 
and very close to the optic axis. Where the fractional part is 
about 0-5, the double stop record consists of four inter- 
ference maxima, and the displacement is positive or 
negative depending on which pair of minima are measured. 
When the fractional part approaches unity, the trace 
reverts to the equally spaced, three maximum type, but the 
displacement is negative; the first dark band is now quite 
broad and well separated from the optic axis, and indeed it is 
frequently possible to detect the next band more or less on 
the optic axis. (The presence of this band, the position of 
which, in common with the one next to it, is not defined 
accurately by the quarter-wave relationship (Kegeles & 
Gosting, 1947), is rather arbitrary, as it depends on the 
relation between the intensity distribution about the optic 
axis when the boundary is sharp, and the latitude of the 
photographic plate.) When negative displacements of the 
double-stop record are encountered, therefore, the first band 
is counted as that one which is well separated from the optic 
axis, and the fractional part as the difference between unity 
and the negative relative displacement; this gives the same 
result as determining the fractional part from the less well 
defined positively displaced minimum in the double stop 
record. 

Difficulty in counting the whole number of minima (single- 
stop record) has been encountered by English & Dole (1950), 
who adopted a graphical extrapolation procedure. Gosting, 
Hanson, Kegeles & Morris (1949) take the whole number to 
be one less than the number of interference maxima wholly or 
partly resolved from the optic axis. This procedure gives the 
same result as the one outlined above. 

The function B. This quantity is defined (Ogston, 1949) as 


2 . 
2/Dt’ 
x is the vertical distance from the centre of the boundary 
and ¢ is the time since diffusion commenced. The relation 
between v and z for the outermost minimum is (Kegeles & 
Gosting, 1947; Ogston, 1949) 


2 [ 24 Qze-"] 3 
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A table of corresponding values of v and £ was constructed, 
using values of the probability functions obtained from 
Tables of Probability Functions (Vol. 1, Federal Works 
Agency, Works Project Administration, City of New York, 
1941); in this computation, the Airy integral refinement of 


B=e-*, where z= 
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the quarter-wave theory (Gosting & Morris, 1949) was 
introduced, the value 0-75867 being substituted for ‘?’. 
Diffusion coefficients were corrected to water at 20° by the 
93-1 47,8 
x 
z 20, w 
(1940) and Landolt-Bornstein, supplemented, in the case of 
veronal buffers, by relative viscosity measurements in a 
B.S. Ostwald viscometer. 





, using the data of Svedberg & Pedersen 








factor 


Sedimentation constant determination 


Sedimentation constants were determined in a ‘Spinco’ 
electrically driven ultracentrifuge, which has been described 
in the literature (see, for example, Smith, Brown, Fishman 
& Wilhelmi, 1949). Runs were made over a range of con- 
centration, five photographs of the sedimenting boundary 
being obtained at regular intervals in each case. Tempera- 
ture measurement of the rotor was by contact thermo- 
couple at the beginning and end of each run; another couple 
in the bearing of the drive provided a continuous check on 
the temperature at this point: this is probably closely 
related to the rotor temperature (Pickels, 1950). In some 
runs (on very hot days) the rotor chamber was refrigerated. 
In no case in this work did the rotor show more than 1-5° 
temperature difference between the beginning and end of the 
run, and accordingly the effective rotor temperature was 
taken as the mean of initial and final values. 

The sedimentation constant S was calculated from the 


equation Alnz 


Atw* ’ 
where z is the distance of the sedimenting boundary (taken 
as the peak of the schlieren diagram, this being symmetrical) 
from the centre of rotation, ¢ the time, and w the angular 
velocity. 

The experimental records were measured up with the 
travelling microscope described earlier, using a magnifica- 
tion of 25, the positions of reference marks and boundary 
maxima being determined to the nearest 10u. The term 
Alnz 





in the equation was then determined from the slope of 


the graph of In x against ¢; the points obtained always lay 
on very good straight lines. 
Sedimentation constant values were corrected to water at 


20° in the usual way. 


Possible accuracy of the Gouy method 


Previous values of the diffusion coefficient of 
bovine serum albumin, in common with those 
referring to most other proteins, have been obtained 
either by the Lamm (1937) scale, or the diagonal 
schlieren method. Both of these have been criticized 
(Kegeles & Gosting, 1947), and although the former 
method is probably more reliable, it appears likely 
that results obtained by such methods, depending 
on simplified optical theory, may be somewhat high. 
Now that the theory of the interference optical 
method has been shown to be adequate (Longsworth, 
1947; Ogston, 1949) it has theoretically greater 
possibilities of accuracy; by surveying the errors 
likely to be encountered in the experimental de- 
termination of the variables v, X, and t it is possible 
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to assess how far these possibilities are fulfilled with 
the present form of apparatus. 

Errors of measurement. (a) The refraction incre- 
ment. As described above, the fractional part of the 
increment is obtained by using the double stop- 
sharpened boundary system as a Rayleigh refracto- 
meter. The error in v depends, therefore, solely on 
the accuracy with which the relative displacement 
of the Rayleigh pattern can be measured, and of 
course will be much more important in the low 
concentration range, where the whole number part 
of vis small. This measurement involves the location 
of the two minima of the displaced trace and one of 
the minima of the reference trace. (The reference 
distance, m, in the Coulson et al. (1948) notation, 
may be assumed to be known very accurately as the 
symmetrical, undisplaced, pattern is very easy to 
locate precisely.) Experience has shown that under 
the best conditions of definition, the minima may be 
located to about 1-2 y., so the maximum error to be 
expected is +4. The separation of the displaced 
minima is 123—129 y.,so the error in v when the whole 
number part is, for example, 8, is about + 0-03 
(eight bands in the present cell corresponds to a 
protein concentration of about 0-2%, which is 
probably approaching the lower useful limit of 
concentration). The corresponding error in f is 
0-0006, so the final error in the squared term of 
Eqn. 1 has a maximum of +1%. By making four 
determinations of the fractional part, this error will 
be reduced to about +4%. 

(b) The slope. The useful X values for this type of 
solution range from about 5 to 2mm., with an 
estimated maximum error of location of 10 and 3 p. 
respectively, under ideal relative exposure condi- 
tions. The maximum error in the slope, for diffusion 
times of 15-20 min., will then be about +0-4%. 

(c) The constant term. Only errors in F affect this 
term. Small errors in Ff may arise owing to the 
focusing procedure; the focal length of the lens 
having been determined, the camera back was set at 
this distance (50-15 cm.) from the centre of the lens 
by manual adjustment, then the first lens (that 
producing parallel light) was moved until the image 
definition on the camera screen was maximal. 
Positioning errors of up to 1 mm. are possible in this 


‘procedure, so that the maximum error in the 


constant term will be approximately + %. Thus the 
total error to be expected in the determination of D 
from a plate on which all the relevant information 
has been recorded exactly is about 1-1-1-2% 
(when v~ 8). 

In practice, further errors must occur from 
sources such as small temperature variations 


(affecting both v and the slope of the diffusion 
curve), minor vibrations in the building and 
shrinkage of the photographic emulsion during 
processing. With this system, errors in the location 
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of the outermost interference minimum in the increment in one particular experiment, Table 2 
early stages of diffusion, owing to the superposition the accuracy of the slope determination for three 
of the Fraunhofer pattern from the stop (see different values of v, and Table 3 the general 
Ogston, 1949) are very slight, because of the very 


high relative intensity of the diffusion pattern. Table 1. Results of twenty-five measurements on 
| double-stop record displacement 
W RESULTS Plate P26 
. Distances in microns 
ye As interest accrues in the accuracy of the method Reference distance 3746 p. 
rather than in the actual value of the diffusion v=7+ 
| coefficient obtained, some of the results are presented Mean measurement 3762-6 
: eee : Extremes 3760, 3764 
; in statistical form. Table 1 shows the reproduci- 8.D. 1:18 
bility of measurement of the fractional refraction Estimate of fractional increment 0-14 + 0-02 


Table 2. Accuracy of slope determination : ten measurements of X in each case 


! Moe fe Gee P27 N88 N100 
ee v 7-16 24-00 8-78 
Slope 1-7995 0-111003 1-1094 
Standard error of slope 0-0110 0-000406 0-0044 
‘ Estimate of slope 1-7995 + 0-0220 0-1110+0-0008 1-1094+0-0088 


SS ae, 
. 


Table 3. Results of ten experiments on solution N II 


(Phosphate, I 0-10. Temp. =25-0°) 


v Slope Deo, w 
Mean 13-62 0-436 6-12 
{ Extremes 13-61, 13-64 0-432, 0-441 6-07, 6-18 
} S.D. 0-10; 0-0030 0-040, 


s.D. of mean diffusion coefficient =0-0127. Estimate of diffusion coefficient = 6-12+ 0-03. 


SS eS OSS eS ee 


Table 4. Diffusion coefficients of bovine serum albumin over concentration range 0-17 (v= 6-16) 
to 0:89 % (v= 32-4) 


; J (NaP refers to (sodium) phosphate buffer, pH 6-8, NaV to veronal buffer, pH 8-6. 
ba Figures after solvent composition indicate ionic strength.) 
Solvent v a Solvent v Dyo,w 
ey NaCl, 0-20 6-16 6-14 NaCl, 0-20 8-78 6-15 
6-16 6-13 8-79 6-11 
NaP, 0-10 6-55 6-24 NaP, 0-10 8-86 6-14 
pes on NaCl, 0-20 8-90 6-20 
a 9 
NaCl, 0-20 6-99 6-17 _ — 
7-00 6-08 NaV, 0-10 9-30 6-11 
NaCl, 0-05 7-03 6-04 931 6-10 
rise 7-04 6-23 NaP, 0-10 9-88 6-20 
7-05 6-15 12-58 6-19 
| mS = 
: : NaP, 0-10 16-40 6-13 
7-07 6-07 1638 ee 
; NaCl, 0-20 7-12 6-17 16-50 6-19 
7-12 6-16 16-52 6-16 
Pel 7-12 6-14 19-29 6-17 
| NaP, 0-10 7-14 6-06 22-51 6-10 
st 7-16 6-08 22-50 6-10 
NaCl, 0-20 7-24 6-18 23-17 6-10 
7-26 6-14 23-54 6-05 
23-54 6-05 
NaP, 0-10 731 6-14 24-00 $15 
NaV, 0-10 7-45 6-03 24-00 6-14 
7-52 6-12 30-75 6-13 
NaP, 0-10 8-02 6-13 30-77 6-13 
8-08 6-09 32-40 6-13 
: 8-54 6-21 32-40 6-17 
L 


* See Table 3. 
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reproducibility of the method as exemplified by the 
results obtained in ten consecutive experiments on 
one particular protein solution; the values in the 
column headed Dg , refer to the ten individually 
calculated values. Finally, Table 4 shows the value 
of the diffusion coefficient obtained over the whole 
range of concentration investigated; the values 
show little apparent dependence on concentration, 
the slope of the regression line of D upon v having 
the value — 9-984 x 10-4, with a standard error of 
8-50 x 10-4. These values give the extrapolated 
value at infinite dilution, 
Do, w = (6-14, + 0-02,) x 10-7 em.? sec.- 

(95 % fiducial limits). 





Table 5. Sedimentation constants for 
bovine serum albumin 


Protein conen. 8, 


20, w 

(%» w/v) Medium (Svedberg units) 
0-17 NaCl, 0-27 4-34 
0-24 NaCl, 0-27 4-29 
0-26 Phosphate, 0-1/ 4-22 
0-26 Phosphate, 0-1/ 4-26 
0-49 Phosphate, 0-1/ 4-28 
0-49 Phosphate, 0-1 J 4-28 
0-60 NaCl, 0-27 4-22 


The values of Sy» ,, obtained in this investigation 
are shown in Table 5. The experimental record of a 
typical run, showing the symmetrical peak always 
observed with this substance, is shown in Fig. 3. 
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about + 0-3 % (Table 1), while for this solution, the 
standard error of the slope is 0-6 % (Table 2). Thus, 
allowing for the squaring of the v term, the error in 
the diffusion coefficient is + 1-8 % (20: 1 probability), 
to which must be added not more than 0-2 % for the 
possible error arising from variations of the time- 
mark interval; the overall error of the diffusion 
coefficient when determined from one experiment 
becomes, accordingly, + 2% in this concentration 
range. The accuracy is somewhat improved at 
higher concentrations (at 0-7 % protein concentra- 
tion (Table 2) the error is + 1-3%) while, by per- 
forming several experiments on one solution, the 
error may be reduced to 0-5% at a protein con- 
centration of 0-3 % (Table 3). 

Under the less exhaustive analysis of the experi- 
mental record performed as routine, the accuracy 
is not significantly lower, as shown by the values in 
Table 4, which show a spread not exceeding +2% 
about the mean. Even if extraordinary measures 
were taken to ensure maximum definition of both 
reference and diffusion traces by over-exposing to 
the same degree, it is considered unlikely that the 
accuracy of the method, in its present form, could 
be greatly improved. For most purposes, the 
present standard of accuracy is probably sufficient, 
but, if desired, further refinement can probably best 
be obtained by increasing the length of the diffusing 
boundary along the optic axis (Longsworth, 1947; 
Coulson et al. 1948) when greater X values, more 
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Fig. 3. Sedimentation of bovine serum albumin. Migration from right to left. Interval between exposures 32 min. 


Speed 59780 rev./min. 
indexes, B meniscus. 


The slope of the line expressing the regression of 
the sedimentation constant upon the concentration 
has the value —1-18x10-*, with standard error 
8-85x 10-%. These values give an extrapolated 
value of the sedimentation constant at infinite 
dilution, S$}, = 4:31 + 0-07 (95 % fiducial limits). 


DISCUSSION 


it is evident from the diffusion results above that the 
accuracy obtainable in practice approaches that 
expected from theoretical considerations. Thus o 
for a dilute (0-19 %) solution may be determined to 


Protein concentration 0-49% (w/v) in sodium phosphate buffer, J 0-10, pH 6-8. A, A, cell 


readily measurable, would be obtained. Such a 
cell, however, might well be complicated by in- 
equalities of flow through the exit slit (Ogston, 
1950). 

The accuracy obtainable, therefore, is not very 
much better than that of the Lamm scale method, 
but the twin advantages of rapidity and small 
quantities of material required, weigh greatly in 
its favour. The extrapolated value of D, ,, of 
6-15 x 10-7 cm.? sec.-1 may be compared with the 
figure 6-0 (referring to a 1 % solution) which was ob- 
tained by Stern, Singer & Davis (1947) by correcting 
from the value determined at 1°. The diagonal 
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schlieren method was used to observe the spread of 
the boundary, which was formed in a modified 
electrophoresis cell. Oncley (quoted in Cohn, 1942) 
obtained the value 6-4 for this protein, but no 
details were given of the method employed. 
Pedersen (1945) quotes 6-49 and 6-21 respectively 
for the values obtained by the height-area and 
second moment methods, using salt-fractionated 
albumin from cow foetus and calf. He used the 
former value only for molecular weight calculation. 
In the light of the present results, it appears that 
both Oncley’s and Pedersen’s values are somewhat 
high, while the validity of the extrapolated figure 
obtained by Stern et al. (1947) may be somewhat 
lessened by the magnitude of the correction factor 
involved. 

The value of 4-31 + 0-07 S for the sedimentation 
constant is distinctly lower than previous published 
values for this substance: e.g. 4-50 (Svedberg & 
Pedersen, 1940), 4-5 (Oncley, unpublished, referred 
to in Cohn, 1942), 4-6—4-7 in the concentration range 
0-2-0-3% (Pedersen, 1945) and 4-4~4-8, giving 
the relation S=4-73-0-25c (Koenig & Pedersen, 
1950). 

Recent criticism (Cecil & Ogston, 1949) has indi- 
cated that the earlier S,) values obtained with the 
oil turbine may be somewhat high; as, however, an 
examination of the various factors involved in the 
accuracy of a sedimentation constant determination 
with the present apparatus will form the subject of 
another communication shortly to be published 
from this laboratory, no further discussion of this 
question will be presented here. 

Molecular weight of bovine serum albumin. Using 
the above values for the diffusion and sedimentation 
constants at infinite dilution and the value of 0-74 
for the partial specific volume (Pedersen, 1945) 
one obtains the value of 65360 for the molecular 
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weight, and a frictional ratio of 1-30. In the absence 
of precise information concerning the hydration, 
the axial ratio of the molecule cannot be determined 
accurately, but a value between 3 and 4 seems very 
probable (see Alexander & Johnson, 1949). 

The molecular weight value may be compared 
with the figures of 68000 quoted by Cohn (1942) and 
69000 obtained by Scatchard, Batchelder & Brown 
(1946) from osmotic studies; the former figure only 
differs from the value obtained in this investigation 
by virtue of the use of a different value for the partial 
specific volume, the ratio of S to D being very nearly 
the same. 


SUMMARY 


1. The construction, use, and possible accuracy 
of a slightly modified form of Gouy diffusiometer 
are described; results with bovine serum albumin 
show that an accuracy of +2% may be obtained 
down to concentrations of 0-2 % or less, using only 
1 or 2 ml. of solution. 

2. A short series of ultracentrifuge experiments 
has been performed; these lead to a value of the 
sedimentation constant of bovine serum albumin 
somewhat lower than the present accepted value. 

3. The diffusion and sedimentation results have 
been combined to give a molecular weight of 
65360 for this protein. 


The help and advice of Dr A. G. Ogston in the design and 
construction of the apparatus and the interpretation of 
results is gladly acknowledged. The author is also greatly 
indebted to Dr P. A. Charlwood, of this Institute, for his 
assistance in the measurement of experimental records, in 
computation of various tables, and for advice in many 
discussions; to Mr R. L. Warren, for technical assistance in 
the construction of some parts of the apparatus; and to 
Prof. E. C. Dodds, F.R.S., for the continual encouragement 
he has given to this work. 
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The Effect of Salicylate on Glycosuria, Blood Glucose 
and Liver Glycogen of the Alloxan-Diabetic Rat 
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AND J. BORNSTEIN (Fellow of the Nationa! Health and Medical Research Council of Australia) 
Department of Chemical Pathology, King’s College Hospital Medical School, London, S.E. 5 


(Received 5 September 1951) 


Large doses of salicylates have been reported to 
prevent diabetic glycosuria in man and the drug was 
used in the treatment of diabetes during the latter 
part of the last century (Gross & Greenberg, 1948). 

The recent report of Ingle (1950) that aspirin 
reduced the glycosuria of rats made mildly diabetic 
by partial pancreatectomy stimulated us to in- 
vestigate this effect in more detail. In the present 
work the effect of salicylate on the glycosuria, blood 
glucose and liver glycogen of rats made. severely 
diabetic with alloxan was studied. The blood glucose 
and liver glycogen of normal rats treated with 
salicylate were also investigated because Lutwak- 
Mann (1942) reported a marked decrease in liver 
glycogen in such animals. 


EXPERIMENTAL 


Animals. Rats of the Wistar strain weighing 150-200 g. 
were maintained on a diet consisting of crushed commercial 
cubes, 70 g. made to 100 ml. with milk. Each rat received 
50 ml. daily. The alloxan-diabetic rats each received 
intravenously 50 mg. of alloxan/kg. body weight and no 
diabetic rat was used whose blood glucose was less than 
350 mg./100 ml. 

Analytical methods. Urinary glucose was determined by 
the method of Benedict (1911) and liver-glycogen content by 
that of Good, Kramer & Somogyi (1933). The glucose in the 
final stage of the glycogen estimation and also the blood 
glucose were measured by the method of Nelson (1944). 


General arrangement of experiments 


Effect of salicylate on the glycosuria of alloxan-diabetic rats. 
Eight diabetic rats were placed in metabolism cages and 
24 hr. urine collections made. After an initial control period, 
each rat received a daily subcutaneous injection of 100 mg. 
of sodium salicylate suspended in arachis oil. After a second 
control period, each rat received a daily subcutaneous 
injection of an arachis oil suspension of 100 mg. of sodium 
gentisate. After a further recovery period each rat received 
10 mg. of cortisone (cortone acetate, Merck). The rats were 
weighed daily and a fasting blood glucose was estimated on 
alternate days. 

Effect of salicylate on blood glucose of diobetic rats. Six 
diabetic rats, maintained under fasting conditions for 12 hr. 
before and during the experiment, were given a solution 
containing 100 mg. sodium salicylate in 1 ml. distilled water 
bysubcutaneousinjection. Blood glucose was determined on 
tail-vein samples immediately before and 4, 7 and 24 hr. 


after injection. Five diabetic rats who received no salicylate 
were kept under identical conditions and blood glucose 
measured at the same time intervals. 

Effect of salicylate upon the liver glycogen content of diabetic 
rats. Seven groups of five or six diabetic rats were killed by 
stunning at different intervals and glycogen estimated in 
80-100 mg. portions of liver taken as nearly as possible from 
anatomically similar lobes immediately after death. The 
first group was killed and three of the remaining groups given 
a solution containing 100 mg. sodium salicylate in distilled 
water by subcutaneous injection. One salicylate-treated 
and one untreated group were killed 4, 7 and 24 hr. after the 
start of the experiment. Blood-glucose determinations were 
made at the start of the experiment and immediately before 
death in these animals. 

Effect of salicylate on liver glycogen and blood glucose of 
normal rats. The previous experiment was repeated with 
normal rats which had received extra glucose in the pre- 
ceding 24 hr. period (cf. Lutwak-Mann, 1942). 


RESULTS 


The effects of salicylate on the glycosuria of alloxan- 
diabetic rats. The niean 24 hr. glucose outputs are 
shown in Fig. 1, where it is seen that injection of 


anak 
= N 


eVe « 
Sodium salicylate Sodium gentisate Cortisone 





Urinary glucose (g./24 hr.) 
oF NWAUAN WD Ss 


1 7 14 21 28 35 
Day of experiment 
Fig. 1. Mean 24 hr. glucose and ranges for a group of eight 
alloxan-diabetic rats. Sodium salicylate, 100 mg. in 1 ml. 
arachis oil daily; sodium gentisate, 100 mg. in 1 ml. 
arachis oil daily; cortisone, 10 mg. daily as saline 
suspension of cortone acetate (Merck). 


salicylate markedly reduced the glycosuria. The 
closely related gentisic acid (2:5-dihydroxybenzoic 
acid), which has been reported (Meyer & Ragan, 
1948) to exert similar therapeutic actions to sali- 
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cylate, had no significant effect, whereas cortisone 
exacerbated the glycosuria. When the injection of 
salicylate was stopped the 24 hr. excretion of glucose 
increased to higher levels than were observed during 
the initial control period. A similar effect was 
reported by Ingle (1950). No significant differences 
in blood-glucose concentrations were observed 
during the whole experiment. During the initial 
control period there was a slow but steady loss of 
body weight, but no further decrease in weight 
occurred after the animals had received salicylate. 
The injection of salicylate did not cause any re- 
duction in daily food intake. 

The effect of salicylate on the fasting blood glucose of 
alloxan-diabetic rats. Table 1 shows that there was 
no significant difference between the two groups of 
rats at the start of the experiment, but that a 
significant fall in blood glucose occurred in alloxan- 
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diabetic rats treated with salicylate and this fall is 
significantly different from any deviations observed 
in the untreated diabetic animals. 

Three of the salicylate-treated rats died during the 
course of the experiment and one of these had a 
blood-glucose value of 44 mg./100 ml. immediately 
before death. This suggests that hypoglycaemia 
may have been a major factor in the death of these 
animals. 

The effect of salicylate on the liver glycogen of 
alloxan-diabetic rats. A comparison between the 
blood-glucose concentrations at the start of the 
experiment and those determined immediately 
before death showed a significant fall in the sali- 
cylate-treated, but not in the control rats, a similar 
effect to that observed in the previous experiment. 
Table 2 shows that despite this fall in blood glucose 
no significant change occurred in the liver-glycogen 


Table 1. The effect of salicylate on the fasting blood glucose of alloxan-diabetic rats 


Blood glucose with standard deviations 


(mg./100 ml.) Comparison of blood glucose results 
Time of for groups A and B 
estimation A No. of B No. of © = 4+, 
(hr.) Salicylate rats Untreated rats n t P 
0 572+133 6 509+ 88 5 9 1-0330 0-3 
+ 355448 6 5744118 5 9 4-2135 0-01 
7 2734124 6 615452 5 9 5-7098 0-001 
24 155+91 3 434+ 134 5 6 3-2998 0-02 
Within group A for 0 and 4hr. n=5, t=5-0348, P=0-01 
Oand 7hr. n=5, t=6-0080, P=0-01 
0 and 24 hr. n=2, t=3-1923, P= <0-1 >0-05 


Table 2. The effect of salicylate on the liver glycogen of alloxan-diabetic rats 


Liver glycogen content with standard deviations 





Time (g-/100 g. wet wt.) 
killed co ia ‘ 
(hr.) Untreated No. of rats Salicylate No. of rats 
0 1:04+0-83 5 ae a 
4 0-:77+0-57 6 0-67 40-52 6 
7 0-33+0-18 5 0-64 +. 0-32 5 
24 1-25+1-45 6 0-76+0-72 6 


Table 3. The effect of salicylate on the blood glucose and liver glycogen of normal rats 


Blood glucose with standard deviations 


(mg./100 ml.) 





Liver glycogen with standard deviations 
(g./100 g. wet wt.) 
cemeemern - 





Time c ay: ; ‘ 
killed No.of Untreated No. of Salicylate No. of Untreated No. of Salicylate 
(hr.) rats A rats B rats A rats B 
0 4 81413 — — 6 7-48 + 2-66 _ _ 
+ 5 90+21 5 81424 6 5-66+42-9 7 0-65 + 0-48 
7 5 91+20 8 98 +25 6 4:24+41-01 8 0-70 +0-33 
24 5 93 +23-5 6 87424 6 7-:80+0-38 7 4-48+3-73 


At no point in the comparison of blood-glucose tesults was a value of P less than 0-6 obtained. 


Comparison of the liver glycogen results: 
For groups A and B 


4hr. n=11, t=4-5471, P=0-001 


7 hr. n=12, t=8-0638, P =0-001 
24 hr. n=11, ¢=1-9773, P=0-1 
Within group A Oand4hr. n=10, t=1-1239, P=0-3 


0 and 7 hr. 
0 and 24 hr. n=10, t=0-2654, P=0-8 


n=10, t=2-8379, P=0-02 


2-2 
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content. In the comparison of the liver-glycogen 
results from untreated and salicylate-treated rats 
no value of P less than 0:3 was obtained. 

The effect of salicylate on the blood glucose and liver 
glycogen of normal rats. Table 3 shows that there was 
no significant change of blood glucose in the sali- 
cylate-treated rats, but that a marked fall in liver 
glycogen occurred 4 and 7 hr. after the salicylate 
injection. This depletion appeared to be temporary 
and partial replacement of the glycogen had 
occurred in 24 hr. Our results are in agreement with 
those reported by Lutwak-Mann (1942), except that 
this worker found in some experiments that 24 hr. 
after treatment, glycogen in the livers of salicylate- 
treated rats was greater than that of the controls. 


DISCUSSION 


The present work shows that in diabetic rats sali- 
cylate reduces the glycosuria, lowers the blood 
glucose, but causes no change in liver-glycogen con- 
tent. Cortisone exacerbated the glycosuria in these 
animals and this is of interest because of reports 
that the therapeutic effects of salicylate are 
primarily mediated through the pituitary and 
adrenal glands, a hypothesis which has been 
criticized (Meade & Smith, 1951). It must be 
concluded that in diabetic rats depression in the 
urinary and blood glucose by salicylate is not due to 
its deposition as liver glycogen. Other possible 
mechanisms to account for the disappearance of this 
glucose are: first, inhibition of gluconeogenesis; 
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second, increased deposition of muscle glycogen; 
third, increased glucose use in the tissues; and 
fourth, conversion to fat. 

In the non-diabetic rat salicylate caused no 
change in blood glucose, but a significant reduction 
of liver glycogen and similar mechanisms may be 
involved. The possibility that the glucose may be 
converted to glucuronic acid which is used for con- 
jugation with salicylate is unlikely because of 
Lutwak-Mann’s (1942) conclusion that the ability of 
rat liver to form a conjugated glucuronide from 
salicylate was negligible. 

It is proposed to extend this work to investigate 
the possibilities discussed above. 


SUMMARY 


1. The effect of salicylate on the glycosuria, 
blood glucose and liver-glycogen content of the 
alloxan-diabetic rat and on the blood glucose and 
liver glycogen of the normal rat have been studied. 

2. Salicylate reduces the glycosuria and blood 
glucose in the diabetic rat, but causes no change in 
the liver-glycogen content. In the normal rat 
salicylate causes no alteration in the blood glucose, 
but a depression of the liver-glycogen content. 

3. Possible mechanisms of these changes are 
discussed. 

We wish to express our thanks to Miss M. Sandiford and 
Miss E. Quilley for able technical assistance. One of us 
(M.J.H.S.) is indebted to the Board of Governors of King’s 
College Hospital for a grant towards the cost of the work. 
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The Inhibition of Aconitase by ‘Inhibitor Fractions’ Isolated 
from Tissues Poisoned with Fluoroacetate 


By W. D. LOTSPEICH, R. A. PETERS anp T. H. WILSON 
Department of Biochemistry, University of Oxford 


(Received 24 July 1951) 


Fluoroacetate has been shown to inhibit the oxida- 
tion of citrate in animal tissues in bio (Liébecq & 
Peters, 1948; Martius, 1949). Furthermore, Buffa & 
Peters (1949) have shown that animals poisoned 
with fluoroacetate show large accumulations of 
citrate in many of their tissues (their paper may be 
consulted for references to the earlier literature). 
This observation has been confirmed by Potter & 


Busch (1950), Lindenbaum, White & Schubert 
(1951) and Kandel, Johnson & Chenoweth (1951). 
Despite many attempts, no isolated enzyme has 
been shown to be inhibited by fluoroacetate. This 
and other work has led to the hypothesis, originally 
proposed to explain in vitro experiments by Liébecg 
& Peters (1948) and Martius (1949), that fluoro- 
acetate is metabolized in a similar manner t0 
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ordinary acetate via the tricarboxylic acid cycle to 
a fluorotricarboxylic acid which then inhibits one 
of the enzymes necessary for citrate oxidation. In 
a test of this hypothesis by Buffa, Peters & Wakelin 
(1951), tricarboxylic acid fractions containing 
fluorine have been isolated from poisoned kidney 
tissue. These fractions are potent inhibitors of 
citrate metabolism in kidney homogenates. Other 
evidence has also been presented which has been 
interpreted by Elliott & Kalnitsky (1950) as support 
for the formation of fluorocitric acid. 

Since the accumulation of citrate in poisoned 
tissues is not accompanied by a similar accumulation 
of «-ketoglutarate (Buffa & Peters, 1949), it is 
reasonable to assume that the block occurs at the 
aconitase or isocitric dehydrogenase step of the 
tricarboxylic acid cycle. Previous work in this 
laboratory (Buffa, Lotspeich, Peters & Wakelin, 
1950) failed to find an inhibition of aconitase, iso- 
citric dehydrogenase, or oxalosuccinic decarboxy- 
lase by the fluorotricarboxylic acid fractions 
(‘inhibitor fractions’) isolated from poisoned tissue. 
Reinvestigation using improved methods has shown 
that aconitase is indeed inhibited by the ‘inhibitor 
fractions’, though larger concentrations of these 
have been found necessary to inhibit the soluble 
aconitase than the citrate disappearance in kidney 
homogenate. 

A preliminary report of this work was presented before 
the Physiological Society in May 1951 (Lotspeich, Peters & 
Wilson, 1951). 


EXPERIMENTAL 


Aconitase preparation. Pigeon breast muscle was ground 
in a mortar with 5 vol. of glass-distilled water. It was then 
centrifuged for 30 min. at 5000 rev./min. (3500-4700 g). To 
the supernatant fluid there was added neutralized cysteine 
hydrochloride and unneutralized ferrous sulphate to give 
final concentrations of 0-01 and 0-005 respectively, as 
suggested by Dickman & Cloutier (1950, 1951). The mixture 
was left standing at room temperature for 10 min., neutralized 
to pH 7-2 and stored under oil in the refrigerator. For each 
experiment a sample of the stock solution was removed and 
diluted with a solution containing freshly prepared 0-005 m- 
ferrous sulphate, 0-01M-cysteine and 0-05M-phosphate 
buffer, pH 7-2. An extract equivalent to 10-15 mg. of the 
original fresh muscle per 3 ml. was used in most experiments. 
It has been found difficult to obtain reproducible activities 
from similar quantities of enzyme on different occasions, so 
that repeated trial runs were often necessary prior to the 
actual experiment. 

isoCitric dehydrogenase-aconitase preparation. When a 
mixture of these enzymes was required, fresh kidney, heart 
or skeletal muscle was ground in a mortar with 5 vol. of 1% 
(w/v) KCl and centrifuged at 0° at 5000 rev./min. for 
15-20 min. The supernatant fluid contained both aconitase 
and isocitric dehydrogenase. A few experiments were 
carried out using the stored aconitase preparation described 
above, in which both of the enzymes were also present. The 
isocitrate formed from citrate was measured by the reduc- 
tion of added coenzyme m1 (Com) in a Beckman photoelectric 
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colorimeter. The procedure was as follows: a 3 ml. glass 
Beckman cell was filled with 0-3 ml. of 0-5m-phosphate 
buffer, pH 7-2, 0-1 ml. of 0-2% (w/v) MnCl,, 0-2 ml. of 
tissue extract, substrate, inhibitor, and the tube made up to 
2-8 ml. with water. After mixing the contents, the tube was 
placed in the Beckman apparatus and a reading taken at 
340 my. Cor was then added and the increase in absorption 
was followed. 

isoCitrate estimation. The method of Ochoa (1948) using 
isocitric dehydrogenase and Com was used with slight 
modification. The very small amounts of aconitase still 
present in the dialysed pig-heart powder preparation 
(Lotspeich & Peters, 1951) were eliminated with 0-005m- 
KCN (Krebs & Eggleston, 1944). This was found necessary 
because, in these experiments, very small amounts of iso- 
citrate were estimated in the presence of large amounts of 
citrate. The cyanide was also helpful in preventing reoxida- 
tion of Com which often occurred in its absence. Since large 
amounts of trichloroacetic acid interfered with the iso- 
citrate estimation, the aconitase reaction was stopped with 
sufficient HCl to bring the pH to 3-0 approx. followed by a 
small amount of trichloroacetic acid to make the final con- 
centration 1% (v/v). Though this did not completely pre- 
cipitate the protein, after neutralizing there was no inter- 
ference with the estimation. Aconitase was completely in- 
activated under these conditions. The neutralized solution 
was centrifuged and samples containing between 2 and 15 yg. 
isocitrate were placed in Beckman tubes and estimated 
using 80 ug. Com/tube. The accuracy was of the order of 
+0°3 yg. 

Citrate estimation. The method of Pucher, Sherman & 
Vickery (1936) as modified by Buffa & Peters (1949) was 
used. 

Reagents. Sodium citrate 3H,O0 (A.R.) was used through- 
out, DL-isocitrate (m.p. 136°) and cis-aconitate prepared 
from the anhydride (m.p. 77°) were prepared by Mr R. W. 
Wakelin. All substrates were neutralized to pH 7-2 before 
use. Coil was prepared by the method of Lepage & Mueller 
(1949) using a Nuchar C charcoal column. 

‘Inhibitor fractions’. The inhibitor (referred to as ‘in- 
hibitor fraction’) was isolated by Peters and Wakelin from 
homogenates exposed to fluoroacetate by the method of 
Buffa et al. (1951). All three fractions used in this study were 
free from fluoroacetate: 46 A and 37 contained as impurities 
citrate and phosphate; 50/51 was purer containing mainly 
citrate as impurity. In each fraction there were only a few 
per cent of other tricarboxylic acids. The quantity of in- 
hibitor will be expressed in terms of its inhibition of citrate 
metabolism in guinea pig kidney homogenates, a test which 
has previously been used by Buffa et al. (1951) in the isola- 
tion of the inhibitor. One unit is defined as that amount 
of ‘inhibitor fraction’ which inhibits the disappearance of 
1 pmol. of citrate under the conditions of their test system. 
It can be calculated from the data given by Buffa et al. 
(1951) that one unit is approximately equivalent to 0-065 ug. 
fluorine. 


RESULTS 


The first indication that the ‘inhibitor fractions’ 
interfered with aconitase was obtained using the 
supernatant fluid from kidney, usually discarded in 
the homogenate tests. The isocitric dehydrogenase 
present was activated by adding Com and the iso- 
citrate formed from citrate or cis-aconitate was 
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measured by the absorption of reduced Com at 
340 mp. Since there was less aconitase than iso- 
citric dehydrogenase in this preparation, the 
aconitase step was the rate limiting reaction. Fig. 1 
shows the inhibition of cis-aconitate oxidation by 
the ‘inhibitor fractions’. In this soluble system from 
kidney the oxidation of both citrate and cis- 
aconitate was inhibited, but not that of isocitrate. 
As shown in Fig. 1, the Corr added to the inhibitor 
tube was not completely reduced. Prof. 8. Ochoa 
suggested to us that this might be due to destruction 
of Cort by a nucleotidase, which proved, indeed, to 
be the case. 
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Fig. 1. Inhibition of the soluble guinea pig-kidney aconitase 
by ‘inhibitor fractions’. The isocitrate formed from cis- 
aconitate was measured by the reduction of Com in 
the presence of aconitase and isocitric dehydrogenase. 
Reduction of Com was measured in a Beckman spectro- 
photometer at wavelength 340 my. Glass cells were used, 
optical path 1 em. Additions: 0-3 ml. of 0-5m-phosphate 
buffer (pH 7-2), 1-1 zmol. MnCl,, extract of fresh guinea 
pig kidney, 17 units of ‘inhibitor fraction’ 37, 3 wmol. cis- 
aconitate, made up with water to a final volume of 3-0 ml. 
At zero time 0-03 pmol. Com was added. 


These experiments were, therefore, repeated 
using extracts of both rat-heart end pigeon-breast 
muscle which contain very little nucleotidase. An 
experiment using an extract of pigeon-breast muscle 
as a source of aconitase and isocitric dehydrogenase 
is shown in Fig. 2. As with the kidney experiments 
the oxidation of citrate and cis-aconitate was in- 
hibited by the ‘inhibitor fractions’. On the other 
hand, isocitrate oxidation was not inhibited by 
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twice the concentration of inhibitor used for the 
latter two substrates. This confirmed the earlier 
work of Buffa e¢ al. (1950) showing that isocitric 
dehydrogenase is not inhibited by the ‘inhibitor 
fractions’. 

This method of studying aconitase was not ideal, 
however, partly because of the indirect nature of the 
measurement and partly because of the reoxidation 
of the Cort which causes considerable difficulty at 
low-substrate concentrations. A direct measure- 
ment of aconitase was therefore begun. The citrate 
to isocitrate reaction was studied by adding citrate 
to a suitable muscle extract containing aconitase 
and then measuring the isocitrate produced after 
various time intervals. Pre-incubation of the 
inhibitor with the enzyme was found greatly to 
increase its inhibitory effect. Since the ‘inhibitor 
fractions’ contained some citrate as an impurity, it 
was necessary in these experiments to add equal 
amounts of citrate to the controls for the pre- 
incubation period. Before discussing the effects of 
the inhibitor, it should be emphasized that fluoro- 
acetate itself does not inhibit aconitase; 1 mg. 
(10 pmol.) of sodium fluoroacetate present in 3 ml. of 
aconitase solution gave no inhibition, confirming 
earlier work (Buffa & Peters, 1949). 

Fig. 3a shows the result of an experiment in 
which the inhibitor was pre-incubated with the 
enzyme for 30 min. prior to the addition of citrate, 
added in an amount making 5 pmol. of citrate/ml. 
Samples (3 ml.) were then removed from the control 
and the inhibitor bottles at various time intervals, 
deproteinized with hydrochloric acid and trichloro- 
acetic acid, and analysed for isocitrate. In the 
control tube 30 % of the equilibrium amount of iso- 
citrate appeared at the end of 30min. In the 
presence of the inhibitor a marked decrease in iso- 
citrate production was obtained. 

Fig. 3b shows a similar experiment measuring the 
reverse reaction ; DL-isocitrate was added and citrate 
measured. 

The two steps cis-aconitate to citrate and cis- 
aconitate to isocitrate were measured simultane- 
ously by adding cis-aconitate and determining the 
other two acids. These two steps were inhibited by 
the ‘inhibitor fractions’ as is shown in Fig. 4a, b, but 


‘to a lesser degree than the other two reactions. In 


this experiment the rate of reaction of cis-aconitate 
to isocitrate was about 1-5 times the rate of reaction 
of cis-aconitate to citrate, which is in agreement 
with Martius & Lynen (1950). 


DISCUSSION 


The ‘inhibitor fractions’ have been shown to inhibit 
four of the reactions attributed to the enzyme 
aconitase, namely: citrate >isocitrate, isocitrate> 
citrate, cis-aconitate >citrate, and cis-aconitate > 
isocitrate. The reaction citrate to isocitrate is 
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Fig. 2. The effect of the ‘inhibitor fractions’ on the oxidation of citrate, cis-aconitate, and isocitrate using a pigeon-breast 


muscle extract containing aconitase and isocitric dehydrogenase. The reduction of added Com was measured spectro- 
photometrically at wavelength 340 mp. All tubes contained the following: extract of pigeon-breast muscle 
(stabilized with Fe++ and cysteine), 1-1 pmol. MnCl,, 0-3 ml. of 0-5m-phosphate buffer, pH 7-2, made up with water 
to 3-0 ml. (a) 3umol. citrate, 15 units inhibitor (46 A), (b) 3 umol. cis-aconitate, 15 units inhibitor (46 A), (c) 3 umol. 
isocitrate, 30 units inhibitor (46A). At zero time 0-1 umol. of Com was added. 
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Fig. 3. (a) Inhibition of the step citrate —>isocitrate by the ‘inhibitor fractions’. An extract of pigeon-breast muscle 


containing aconitase (stabilized with Fe++ and cysteine) was incubated with ‘inhibitor fraction’ 46 A (final con- 
centration 9-5 units/3 ml.) for 20 min. at 17° prior to the addition of citrate (5mol./ml.). Samples were removed 
at various time intervals, stopped with HCl and trichloroacetic acid, and isocitrate estimated. (b) Inhibition of 
the step isocitrate—>citrate by ‘inhibitor fractions’. A stabilized extract of pigeon-breast muscle was incubated 
with ‘inhibitor fractions’ 51/52 (final concentration 8-5 units/3 ml.) for 20 min. at 17° prior to the addition of 
ssocitrate (10 pmol. pL-isocitrate/ml.). The protein was precipitated by trichloroacetic acid and supernatant analysed 


for citrate. 
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inhibited to the same degree as the reverse reaction ; 
the two steps starting with cis-aconitate appear to 
be less sensitive. It is possible that cis-aconitate 
has greater affinity for the enzyme than does 
citrate or isocitrate, and hence tends to displace 
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factors seem to be involved in the more organized 
system present in the kidney homogenate, the 
inhibition of aconitase is probably the fundamental 
reason for the accumulations of citrate found in 
tissues poisoned with fluoroacetate. 


(b) 
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Fig. 4. Inhibition of the steps cis-aconitate — citrate (a), and cis-aconitate > isocitrate (6), by the ‘inhibitor fractions’. 
A stabilized aconitase solution was incubated with ‘inhibitor fraction’ 50/51 (final concn. 17 units/3 ml.) for 20 min. 
at 17° prior to the addition of cis-aconitate (5 umol./ml.). The reaction was stopped by the addition of HCl and 
trichloroacetic acid, protein centrifuged, and samples of supernatant analysed for both citrate and isocitrate. 


the inhibitor more efficiently. Using the inhibitor 
formed in situ by homogenates exposed to fluoro- 
acetate, Elliott & Kalnitsky (1950) found that 
whereas citrate oxidation was strongly inhibited, 
cis-aconitate oxidation was not. They suggest that 
either cis-aconitate has a greater affinity for the 
enzyme or that aconitase is two enzymes; they 
favoured the latter view. The fact that the ‘inhibitor 
fractions’ do inhibit the step cis-aconitate to iso- 
citrate is not decisive in deciding the homogeneity 
of this enzyme. The theoretical arguments of 
Ogston (1951), however, are of interest in this 
regard since they suggest the possibility of one 
enzyme accomplishing the two types of hydration of 
cis-aconitate. 

Assuming that the ‘inhibitor fractions’ contain 
fluorocitrate and using the fluorine values given by 
Buffa et al. (1951), it is calculated that in Fig. 3 the 
concentration of the fluorocitrate would be of the 
order of 10yum. Although permeability and other 


SUMMARY 


1. The fluorotricarboxylic acid fractions isolated 
from tissues poisoned with fluoroacetate have been 
shown to inhibit the following reactions of the 
enzyme aconitase: citrate >isocitrate, isocitrate > 
citrate, cis-aconitase >citrate, cis-aconitate >iso- 
citrate. 

2. The reaction citrate >isocitrate is inhibited to 


the same degree as the reverse reaction; the two 


reactions starting with cis-aconitate are less 
sensitive to the inhibitor. 

3. It is considered that this inhibitor of aconitase 
has a direct relation to the accumulation of citrate in 
fluoroacetate poisoning. 


One of us (T.H.W.) is indebted to the American Cancer 
Society for a Fellowship, and one of us (W.D.L.) holds a 
Merkle Fellowship. 
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In an earlier paper (Hanes, Hird & Isherwood, 1950) 
glutathione (y-glutamylcysteinylglycine) was shown 
to react with various added amino-acids in the 
presence of an enzyme from kidney and other 
tissues to form new peptides containing glutamic 
acid. Circumstantial evidence suggested strongly 
that the new peptides formed in the system were 
y-glutamyl peptides, and that the reaction con- 
sisted of the transfer of the y-glutamyl group from 
its linkage in glutathione to linkage with the amino 
group of an ‘acceptor’ amino-acid. 

Observations to be described in the present paper 
have confirmed this concept and the enzyme will be 
referred to as y-glutamyl transpeptidase. The new 
peptides formed when glutathione reacts with 
phenylalanine and glycine have now been definitely 
identified as y-glutamylphenylalanine and y- 
glutamylglycine respectively. Furthermore, it has 
been shown that glutathione is by no means unique 
as a ‘donor’ of the y-glutamy] group in this system ; 
in fact, various synthetic y-glutamyl peptides have 
been found to act readily as donors of the y-glutamyl 
group to different acceptor amino-acids and pep- 
tides. The same new y-glutamy] peptide can thus be 
formed in reactions between different y-glutamyl 
donors with the same acceptor. 


While the transpeptidation reactions resulting in 
redistribution of y-glutamyl groups form a promi- 
nent feature in the systems investigated, it should 
be emphasized that slow, but ultimately complete, 
breakdown of all y-glutamyl peptides takes place. 
Earlier work had established that extracts of kidney 
and certain other animal tissues contained enzymes 
which catalysed the breakdown of glutathione and 
oxidized glutathione in a process presumed to be 
hydrolytic in character (Woodward & Reinhardt, 
1942; Schroeder, Munro & Weil, 1935; Schroeder & 
Woodward, 1937; Binkley & Nakamura, 1948). It 
is possible that the liberation of free glutamic acid 
from y-glutamyl peptides may be due to hydrolysis 
catalysed by the same enzyme that catalyses the 
transfer of y-glutamyl groups, but this question 
requires further study. It may be noted, however, 
that the appearance of such breakdown products 
may complicate the reaction, since amino-acids 
originating in this way (e.g. cysteine and glycine 
from glutathione) may act as acceptors of y- 
glutamyl groups to form new dipeptides. 

It appears that the y-glutamy] transpeptidase is 
specific for y-glutamyl] peptides as distinct from the 
y-glutamyl amide (glutamine). No transfer of y- 
glutamyl group from glutamine to added amino- 
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acids, nor from y-glutamyl peptides to ammonia, 
has yet been detected in experiments carried out to 
examine this possibility. On the other hand, it has 
been found that glutamine acts readily as an acceptor 
of the y-glutamy] group (e.g. from glutathione) with 
the formation of y-glutamylglutamine. 

The y-glutamyl transpeptidase is probably quite 
distinct from the so-called glutamo-transferases 
which catalyse the transfer of the y-glutamyl group 
from glutamine to hydroxylamine with the forma- 
tion of y-glutamylhydroxamic acid. Enzymes of 
this type have been demonstrated in bacterial and 
mammalian preparations (Waelsch, Owades, Borek, 
Grossowicz & Schou, 1950; Grossowicz, Wainfain, 
Borek & Waelsch, 1950; Schou, Grossowicz, Abel 
& Waelsch, 1951) and in plant preparations by 
Stumpf & Loomis (1950) and Stumpf, Loomis & 
Michelson (1951). 

In addition to reactions involving the special 
group of y-glutamyl peptides, we referred in our 
earlier communication to the occurrence of trans- 
peptidations involving normal «-amino-acyl pep- 
tides. As an example of this class of reaction, 
observations will be presented below on the action of 
an enzyme from cabbage leaves which catalyses the 
transfer of glycyl groups from glycyl peptides to 
various acceptor amino-acids, with the formation 
of new glycyl peptides. Preparations of the enzyme 
so far available catalyse hydrolysis of glycyl pep- 
tides, as well as transfer of the glycyl group, when 
a suitable acceptor is present; the hydrolysis rate is 
inhibited markedly by the presence of acceptor 
amino-acids, but in the end hydrolysis of both the 
original and newly formed glycyl peptides proceeds 
to virtual completion. A substantial body of 
evidence which has accumulated in recent months 
suggests that certain other proteolytic enzymes 
catalyse not only the hydrolysis of «-amino-acyl 
peptide (and ester) linkages appropriate to their 
specificity requirements, but also group transfer 
reactions of the type under consideration. While 
detailed reference to these recent findings will be 
reserved for the Discussion, it is obvious that the 
possibly widespread occurrence of transpeptida- 
tion reactions catalysed by the proteolytic group of 
enzymes is of considerable interest in connexion 
with the problem of protein synthesis. 


EXPERIMENTAL 
Preparation of enzymes 


Preparation of y-glutamyl transpeptidase from: animal 
tissues. For most of the experiments the enzyme was pre- 
pared from sheep-kidney tissue. Active preparations have 
been obtained also from pig kidney, ox kidney and pancreas, 
and from lactating mammary-gland tissue of the cow. In 
general, the following type of preparation has been used: 
a homogenate of the tissue (e.g. 6 g. fresh tissue homogenized 
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with 10 ml. 0-05m-potassium phosphate, pH 7-4, containing 
0-001 m-Mg**) is centrifuged for 15 min. at 3000 rev./min. 
and is then dialysed, with stirring, against 1 1. of buffer. In 
the case of the sheep-kidney enzyme, the activity is main- 
tained with little loss when such extracts (or the whole 
kidney) are frozen and held at —20° for periods up to at 
least 5 months. The enzyme can also be prepared from 
acetone-extracted powders of kidney, and some degree of 
purification has been achieved by treatment of extracts with 
n-butanol (Morton, 1950). 

Preparation from cabbage leaves of enzyme acting on glycyl 
peptides. These enzyme preparations were obtained from the 
juice pressed out through muslin, from finely pulped cabbage 
‘heads’. The crude juice was centrifuged for 10 min. at 
3000 rev./min. and then dialysed exhaustively, i.e. for 
24-48 hr. with stirring, against repeated changes of distilled 
water or dilute KCl. The dialysed solution was again 
centrifuged at 3000 rev./min., and brought to pH 6-8 by 
careful addition of 0-1N-NaOH. Such preparations, still 
cloudy, were used in many experiments, but somewhat 
purified preparations were also studied. Much impurity 
could be removed by adsorption on Ca,(PO,), gel at pH 6:8, 
or by high-speed centrifuging; the clear extract so obtained 
could then be fractionated either with acetone in the cold or 
with (NH,),SO,. 

Although about 20-fold purification of this enzyme has 
been achieved by these means, no separation has resulted of 
the capacities to promote hydrolysis of glycyl peptides and 
transfer of glycyl groups. It may be mentioned, however, 
that a capacity to hydrolyse leucyl peptides was eliminated 
from various of the purified preparations. 


Substrates 


The peptides used as donors of y-glutamyl and glycyl 
groups in the respective transpeptidation systems, and the 
amino-acids added as acceptors, were selected so far as 
possible so as to ensure that the new peptides formed would 
be separable on the paper chromatogram from the other 
substances present in the reaction mixtures. 

y-Glutamyl peptides. In addition to glutathione (GSH) 
and oxidized glutathione (GSSG), five synthetic dipeptides 
were used as donorsin the y-glutamy]l transpeptidase system: 
y-L-glutamyl-t-phenylalanine, y-L-glutamylglycine, y-L- 
glutamyl-L-glutamic acid, y-L-glutamyl-L-aspartic acid and 
y-L-glutamyl-t-tyrosine. The first two peptides were 
synthesized by the method of Le Quesne & Young (1950), 
and we are indebted to Dr G. T. Young for the generous 
gift of specimens of the three last-mentioned peptides. 

Glycyl peptides. The following synthetic glycyl peptides 
(obtained from Roche Products Ltd.) were used in studying 


. the glycyl enzyme: glycylglycine, diglycylglycine, glycyl-L- 


leucine and glycyl-L-tryptophan. 

Other peptides for comparisons. «-L-Glutamyl-L-phenyl- 
alanine and «-L-glutamylglycine were synthesized by the 
method of Simmonds, Tatum & Fruton (1947). 


Reaction conditions 


The normal conditions for following the action of the y- 
glutamyl transpeptidase were as follows: the reaction 
mixture contained one-third of its volume of the enzyme 
solution, 0-05m-phosphate, pH 7-4, 0-001mM-Mgt+, and 
0-05 m concentrations of the donor (y-glutamyl peptide) and 
the acceptor (amino-acid). 
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In the case of the glycyl enzyme, the reaction mixture 
contained one-quarter or one-third of its volume of enzyme 
solution, and 0-05m concentrations of the donor (glycyl 
peptide) and the acceptor. 

In both systems the reaction was stopped and protein 
precipitated by adding 2 vol. of warm ethanol. The mixture 
was then centrifuged warm, and the supernatant solution 
evaporated to dryness in a desiccator. The residue was 
taken up in water (usually 0-5 original volume, but occasion- 
ally 0-25) and examined chromatographically. As was 
mentioned in our earlier paper (Hanes et al. 1950) cysteine, 
and peptides containing cysteine, were coupled with NV-ethyl 
maleimide at this stage (Friedmann, Marrian & Simon- 
Reuss, 1949), by taking up the residue in a solution 
containing a slight excess of N-ethyl maleimide, thereby 
overcoming the chromatographic difficulty presented by 
substances possessing free —SH groups. 
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peptidase system. The running time was normally about 
20 hr., but for investigating certain slowly moving sub- 
stances this was increased to 40 or even 70 hr. Under these 
conditions the fast running amino-acids showed typical 
forward running ‘ghosts’, but the peptides separated 
cleanly. 


Our primary evidence for the formation of a new 
peptide, resulting from a group transfer reaction has 
been the appearance on the chromatogram of a new 
spot which fulfils the following conditions: (a) that it 
is absent initially, but appears and increases in 
amount as the reaction proceeds; (b) that it is not 
formed unless both donor and acceptor substances 
are present; (c) that it is distinct and separable not 
only from the donor and acceptor, but also from 
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Fig. 1. Chromatograms showing products of action of y-glutamyl transpeptidase on various substrates as indicated. 
Abbreviations: Asp, aspartic acid ; (CySH), cysteine; Glu, glutamic acid ; GSH, glutathione; GSSG, oxidized glutathione; 
Gly, glycine; Leu, leucine; Try, tryptophan; Tyr, tyrosine; Phe, phenylalanine. 1, y-Glu-Tyr; 2, y-Glu-Tyr + Leu; 
3, y-Glu-Tyr+Gly; 4, GSH; 5, GSH+Phe; 6, GSSG; 7, GSSG+Phe; 8, y-Glu-Asp; 9, y-Glu-Asp + Phe; 
10, y-Glu-Glu + Phe; 11, y-Glu-Glu; 12, y-Glu-Glu; 13, y-Glu-Glu + Try; 14, y-Glu-Glu + Leu; 15, y-Glu-Glu. The 
enzyme was from sheep kidney; reaction conditions, standard; period of reaction, 1 hr. Chromatography: paper, 
Whatman, no. 1, untreated; time of development chromatograms 1-11, 43 hr., 12-15, 20 hr.; solvent, n-propanol 


(80 vol.) + water (20 vol.). 


Analytical techniques 


Chromatography. The mixed peptides and amino-acids 
present in the samples of reaction mixtures were separated 
on a filter-paper chromatogram. Chromatograms were run 
at 20° with preliminary equilibration of the system before 
starting the running of the solvent, and with an extra pad of 
filter paper clipped to the bottom edge of each chromato- 
gram, into which the solvent was allowed to flow. For most 
of the work the solvent used was n-propanol (80 vol. + water 
(20 vol.) and the paper was Whatman no. 1. Phenol was 
used as solvent when the basic amino-acids histidine and 
arginine were used as acceptors in the y-glutamyl trans- 


possible breakdown products from these ; and finally, 
(d) that its position is consistent with that expected 
for a peptide of the type in question, e.g. many 
peptides travel on the chromatogram at rates inter- 
mediate between the rates of the constituent amino- 
acids. Our chromatographic results so far are based 
solely on visual comparison of ninhydrin-staining 
spots; while estimates of quantities and rates are 
thus only rough and comparative, this primary 
chromatographic analysis has provided unequi- 
vocal evidence for the formation of new peptides in 
the enzymic systems. In key cases, the new peptides 
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have been isolated and investigated by the methods 
now to be described. 


Isolation of new peptides from chromatograms. In our early 
experiments the new peptides were often contaminated with 
material extracted from the paper, which was apparently 
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number of chromatograms, and then after the chromato- 
grams had been developed, to locate the desired substance 
by comparison with guide strips which had been sprayed 
with ninhydrin. Transverse strips of the paper chromato- 
grams containing the desired substance were then eluted 
with water and the extract concentrated. The products from 
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Fig. 2. Chromatograms showing progress of action of glycyl enzyme from cabbage (A) on glycylglycine (chromatograms 
16-19) and (B) on glycylglycine + phenylalanine (chromatograms 21-24). Chromatogram 20 was an identification 
mixture of glycylglycine, glycine and phenylalanine. The enzyme was prepared from cabbage, exhaustively dialysed 
and centrifuged 15 min. at 20000 g. Reaction conditions, standard. Periods of reaction, 0, 3, 6 and 21 hr., as 


indicated. 


polypeptide in nature and which, on acid hydrolysis, yielded 
aspartic acid, glutamic acid, glycine and alanine. The con- 
tamination varied considerably with different batches of 
paper and for the final isolation of new peptides paper from 
a batch which was relatively free of peptide was used. The 
procedure used in the early experiments was to apply a close 
row of spots of the mixture along the ‘starting line’ of a 


several papers were combined and run again on a narrow 
chromatogram so that the final area to be eluted was as small 
as possible. In this way contamination was reduced to 
negligible proportions. 

Improvements to this earlier technique (which was used 
for the y-glutamy] peptides) have resulted from: (a) the use 
of the thick Whatman no. 3 paper which permits the handling 
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of much larger quantities of material, (b) the development of 
a washing procedure for the paper and (c) the use of aqueous 
ethanol (e.g. 50 %, v/v) for eluting the desired peptides. The 
combination of factors (b) and (c) eliminated completely 
contamination of the isolated peptides by amino-acid- 
containing material from the paper and, in the case of simple 
dipeptides, the preparations crystallize when the extract is 
concentrated. The product is normally dissolved in the 
minimum quantity of water, separated once more on a 
narrower chromatogram and re-isolated. In this later work 
the position of the materials on the developed chromato- 
grams was detected by the use of the ninhydrin reagent 
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isolated glycylphenylalanine before and after hydrolysis is 
shown in Fig. 3. No detectable contamination was shown in 
‘control’ extracts. 

Modified conditions for isolation of 2:4-dinitrophenyl 
(DNP)-glycine. Preliminary attempts to identify the glycyl 
end group after hydrolysing the DNP-derivatives of glycyl 
peptides led to inconclusive results whether hydrolysis was 
carried out in 5N-HCl at 105° or in 12 N-HCl at 37°. This was 
clearly due to the fact, already emphasized by Sanger 
(1945), that DNP-glycine is peculiarly liable to decomposi- 
tion during hydrolysis. It wasessential, therefore, to develop 
an improved procedure. Using DNP-glycylglycine as the 


31 32 33 34 





Gly 


+ DNP-Gly 


DNP 


DNP-Phe 


Fig. 3. Identification of the new peptide formed in reaction between glycylglycine and phenylalanine, catalysed by glycyl 
enzyme from cabbage. Abbreviations: Gly for glycine or glycyl, DNP for 2:4-dinitrophenol, DNP- for 2:4-dinitro- 
phenyl, Phe for phenylalanine. The peptide was a crystalline specimen isolated from products of Reaction 26 (Table 1) 
and it is shown in chromatogram 27. The free peptide was hydrolysed in 6N-HCI at 105° for 5 hr.: chromatogram 
26 shows production of glycine and phenylalanine only; chromatogram 25 was an identification mixture. The DNP- 
peptide was hydrolysed for 8 hr. at 100° in glacial acetic acid (9 vol.) +60 % (w/v) perchloric acid (1 vol.). Chro- 
matographic examination of the DNP-products (chromatogram 31) showed the presence of DNP-glycine only; 
chromatograms 28-30 were DNP-glycine, DNP-phenylalanine and dinitrophenol, for identification. Examination 
of free amino-acids from splitting of DNP-peptide (chromatogram 34) showed phenylalanine only; chromatograms 
32 and 33 were glycine and phenylalanine for identification. 


described by Boissonnas (1950), which was applied as three 
rows of tiny spots down the two sides and the middle of the 
paper. After detection of the bands, and before elution of 
the peptide in 50% ethanol, the excess ninhydrin was 
removed by extraction of the paper with acetone. 

The preliminary purification of the paper consists of the 
following sequence of washing treatments: n-Na,CO,, 
distilled water, 2N-acetic acid, distilled water, 0-1% (w/v) 
calcium acetate, distilled water, and 50% (v/v) aqueous 
ethanol. '‘he washing was carried out on a ‘block’ of about 
forty sheets of paper by means of the apparatus described 
earlier (Hanes & Isherwood, 1949); each treatment was 
thorough, involving frequent changes of the washing liquid, 
and the whole process occupied about 5 days. This washed, 
calcium-treated paper (Whatman no. 3) had excellent 
chromatographic properties as may be seen from Fig. 2, and 
would operate with heavy loading; for example, glycyl- 
phenylalanine was isolated from a reaction mixture con- 
taining about 0-3 total peptides and amino-acids, this 
being spotted on the paper at the rate of 0-6 ml. (30 x 20 pl.) 
along the 20 cm. ‘starting line’. A chromatogram of the 


test material, a variety of acid hydrolytic treatments were 
studied; at the end of each treatment the DNP-products 
were isolated from the acid mixture, after the latter was 
diluted, by extracting with a mixture of 10% (v/v) éert.- 
amy] alcohol in benzene. It is possible thus to examine 
separately the DNP-substituted products so extracted and 
the free amino-acids remaining in the aqueous acid phase 
(cf. p. 33). Chromatographic analysis under the conditions 
described by Blackburn & Lowther (1951) showed that 
extensive breakdown (with the formation of many spots 
on the chromatograms other than DNP-glycine and DNP- 
glycylglycine) occurred during treatments for varying 
periods under the following conditions: 6N-HCl (105°), 
12N-HCl (37°), 5N-HNO,+urea (trace) (100°), and 6N- 
HCIO, (100°). 

Tests were then made with systems containing relatively 
little water, and these led to completely successful pro- 
cedures, of which two may be mentioned: (i) DNP-glycyl- 
glycine dissolved in a mixture of 60 % (w/v) HCIO, (1 vol.) + 
glacial acetic acid (9 vol.) was heated at 100° for 8 hr. 
Hydrolysis was complete and no breakdown of the DNP- 
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glycine could be detected (a single spot corresponding to 
DNP-glycine occurred on the chromatogram). (ii) More 
rapid hydrolysis was achieved in a mixture of 90 % (w/v) 
formic acid (10 vol.)+acetic anhydride (5-5 vol., i.e. 
sufficient to combine with the water present in the formic 
acid) and 60 % (w/v) HClO, (1-5 vol.). The DNP-glycyl- 
glycine was hydrolysed completely in 2 hr. at 100° with no 
trace of decomposition. The formic acid reagent may prove 
more generally useful owing to its being a better solvent for 
proteins. 

An example of the use of these reagents will be described 
in detail in connexion with the identification of enzymically 
synthesized glycylphenylalanine. 


RESULTS 


In Tables 1 and 2 are set out the various reactions 
involving the transfer of y-glutamyl and glycyl 
groups which have now been shown to be catalysed 
by the two enzymes under study. For each reaction 
is shown: the donor peptide, the acceptor amino- 
acid (or peptide) and the new peptide formed by the 
transfer reaction, with an indication of the evidence 
upon which this identification rests. Other products 
formed in the different reactions are not tabulated ; 
e.g. the amino moiety of the donor peptide, pro- 
ducts of hydrolysis, or, in the case of glutathione, 
new peptides formed by transfer of y-glutamyl 
group to products of hydrolysis. 


Reactions involving transfer of the 
y-glutamyl group 
Donors and acceptors in the y-glutamyl trans- 
peptidase system. Evidence was given in our earlier 
communication (Hanes et al. 1950) which dealt 
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exclusively with glutathione, for the occurrence of 
Reactions 1-5, Table 1. The new peptide formed in 
Reaction 1 wasidentified provisionally as y-glutamyl- 
phenylalanine on the basis of a preliminary investi- 
gation there described, and the general conception 
that the enzyme catalysed the transfer of y-glutamyl 
groups from GSH to the various acceptor amino- 
acids was based on the study of these reactions. 
Table 1 contains twenty additional examples of 
reactions of the same basic type, but in which other 
y-glutamy] peptides act as donors. In support of the 
occurrence of each of these reactions we obtained 
primary chromatographic evidence fulfilling the 
conditions described above. Such evidence relating 
to any individual reaction could not establish con- 
clusively its nature, but the consideration of these 
different reactions as a whole affords strong 
support for the interpretation advanced, besides 
establishing that the y-glutamyl transpeptidase is 
by no means specific for GSH as donor peptide. 
For example, in five of the reactions listed (nos. 1, 
7, 8, 10 and 24), the new peptide formed had similar 
chromatographic properties to that provisionally 
identified from Reaction 1 as y-glutamylphenyl- 
alanine. In all these cases phenylalanine had been 
added as the acceptor amino-acid, while in each case 
a different y-glutamyl peptide had been added as 
donor. A further group of reactions in which the 
same new peptide (y-glutamylglycine) was formed 
by interaction between different donors with the 
same acceptor (glycine) can be seen in nos. 5, 13, 18 
and 23. Again, in Reactions 6, 9 and 25, y-glutamy]- 
glutamine was formed by the transfer of the y- 


Table 1. Transpeptidation Reactions. Transfer of y-glutamyl groups catalysed by enzyme from kidney 





No. Donor Acceptor New peptide Fig. 
1 Glutathione (GSH) Phenylalanine y-Glutamylphenylalaninet 1 (5) 
2 Glutathione (GSH) Valine y-Glutamylvaline _ 
3 Glutathione (GSH) Leucine y-Glutamylleucine —_— 
4 Glutathione (GSH) Glutamic acid y-Glutamylglutamic acid* —_— 
5 Glutathione (GSH) Glycine y-Glutamylglycine* _ 
6 Glutathione (GSH) Glutamine y-Glutamylglutamine _ 
7 Oxidized glutathione (GSSG) Phenylalanine y-Glutamylphenylalanine* 1 (7) 
8 y-Glutamylaspartic acid Phenylalanine y-Glutamylphenylalanine* 1 (9) 
9 y-Glutamylglutamic acid Glutamine y-Glutamylglutamine _— 

10 y-Glutamylglutamic acid Phenylalanine y-Glutamylphenylalanine* 1 (10) 
11 y-Glutamylglutamic acid y-Glutamylphenylalanine y-Glutamyl-y-glutamylphenylalanine 1 (10) 
12 y-Glutamylglutamic acid Cysteine : y-Glutamyleysteine —_ 
13 y-Glutamylglutamic acid Glycine y-Glutamylglycine* _ 
14 y-Glutamylglutamic acid Histidine y-Glutamylhistidine _ 
15 y-Glutamylglutamic acid Tryptophan y-Glutamyltryptophan 1 (13) 
16 y-Glutamylglutamic acid Leucine y-Glutamylleucine 1 (14) 
17 y-Glutamylglutamic acid y-Glutamylleucine y-Glutamyl-y-glutamylleucinet — 
18 y-Glutamyltyrosine Glycine y-Glutamylglycinet 1 (3) 
19 y-Glutamyltyrosine Leucine y-Glutamylleucine 1 (2) 
20 y-Glutamyltyrosine y-Glutamylleucine y-Glutamyl-y-glutamylleucine 1 (2) 
21 y-Glutamyltyrosine y-Glutamyltyrosine y-Glutamyl-y-glutamyltyrosinet 1 (3) 
22 y-Glutamylglycine Cysteine y-Glutamylcysteine —_— 
23 y-Glutamylphenylalanine Glycine y-Glutamylglycine* _ 
24 y-Glutamylglycine Phenylalanine y-Glutamylphenylalanine* _ 
25 y-Glutamylphenylalanine Glutamine y-Glutamylglutamine _ 


* Compared on chromatogram with authentic synthetic specimens. 


+ Extracted from the paper and examined. 
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glutamyl group to glutamine from a different donor 
in each case. 

It is clear from these reactions that the nature of 
the new peptide which is formed is characteristic of 
the acceptor amino-acid, and is independent of the 
particular y-glutamyl peptide which acts as donor— 
within the range of the seven y-glutamyl peptides 
which have been available for testing and which 
were all effective as donors. These features are in 
harmony with the general conception of the reaction 
which has been developed, and with the earlier 
provisional identification of the new peptides as 
y-glutamyl peptides and which has been confirmed 
by independent evidence to be presented below. 

It is appropriate now to consider what further 
information is available regarding the donors and 
acceptors in the y-glutamyl transpeptidase system. 
Of the available y-glutamyl peptides, y-glutamyl- 
glutamic acid offers the inherent advantage for the 
chromatographic separation of reaction mixtures 
that its breakdown can lead only to glutamic acid. 
This peptide was accordingly tested as a donor 
in conjunction with a wide range of amino-acids 
as potential acceptors. As indicated in Table 1 
(nos. 10 and 12-16) y-glutamylglutamic acid acted 
as donor to glutamine, phenylalanine, cysteine, 
glycine, histidine, tryptophan and leucine, with the 
formation of a different new peptide in each case. 
With proline and arginine, little reaction if any 
occurred. From these experiments with y-glutamyl- 
glutamic acid as donor, as well as the more restricted 
observations with the other donors, it is clear that 
the enzyme is relatively non-specific as regards the 
amino-acid which acts as acceptor. 

Particular interest attaches to Reactions 23 and 
24 which illustrate the catalysis by the enzyme of 
reverse processes. Thus, in Reaction 23, the y- 
glutamyl group is transferred from y-glutamyl- 
phenylalanine (with the liberation of phenylalanine) 
to glycine as the acceptor; whereas the reverse 
reaction was demonstrated in Reaction 24. This 
aspect of reversibility, and particularly the deter- 
mination of the equilibrium distribution of y- 
glutamyl group between different acceptors, is an 
aspect of the system which invites early study by 
quantitative methods which are at present being 
developed. 

A final general aspect which should be mentioned 
is that, although our attention has been directed 
mainly to the study of dipeptides formed in the 
reaction systems, there are strong indications that 
the process of enzymic transfer of y-glutamyl groups 
leads to the formation of higher peptides. In 
Reactions 11, 17, 20 and 21, Table 1, there is pre- 
sumptive evidence that tripeptides are formed by 
the transfer of y-glutamyl groups from donors to 
existing y-glutamyl dipeptides acting as acceptors. 
The observations relating to Reaction 21, to con- 
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sider the simplest example, are as follows: on incu- 
bating y-glutamyltyrosine with the enzyme some 
liberation of glutamic acid and tyrosine occurs, but 
there is formed in addition a new substance which 
travels more slowly than glutamic acid (and con- 
siderably more slowly than y-glutamyltyrosine) ; 
after isolation from the paper and acid hydrolysis 
this substance yields glutamic acid and tyrosine. 
Its position on the paper would be consistent with 
that to be expected for a diglutamyltyrosine peptide, 
and it seems probable that it may be y-glutamyl-y- 
glutamyltyrosine. An analogous peptide, which has 
been found to contain only glutamic acid and 
phenylalanine, but which moves much more slowly 
than the dipeptide, is formed when y-glutamyl- 
glutamic acid and phenylalanine are incubated 
with the enzyme. In this case the main reaction is 
no. 10, leading to the formation of y-glutamyl- 
phenylalanine, but this peptide appears then to act 
as acceptor for a second y-glutamyl group to form 
y-glutamyl-y-glutamylphenylalanine (Reaction 11). 
The corresponding analogue of leucine has been 
observed to form in two different reaction systems 
(nos. 17 and 20), providing further support for the 
presumed constitution of these peptides. While the 
clear characterization of these peptides requires the 
application of quantitative analytical methods, 
there is little doubt that they are more complex than 
dipeptides. It seems likely that continuation of the 
process of group transfer might lead to the forma- 
tion of poly-y-glutamyl peptides, a possibility which 
is of some interest in view of the reported natural 
occurrence of such substances. 


Identification of y-glutamyl peptides 
formed by group transfer 


While much circumstantial evidence for the 
nature of the main reaction has been adduced, clear 
proof depends upon demonstrating that the new 
peptides formed are in fact y-glutamyl peptides. 
This has been established in the case of two of the 
peptides, y-glutamylphenylalanine and y-glutamyl- 
glycine, which represent the new peptides found in 
nine out of the twenty-five reactions listed in 
Table 1. For reasons which will become clear, the 
demonstration in these cases renders it highly 
probable that the remaining new peptides formed in 
the other reactions are also y-glutamyl peptides. 


y-Glutamylphenylalanine. The new peptide formed in 
Reaction 1 was isolated from chromatograms on Whatman 
no. 1 paper and freed from small amounts of contaminants 
by the procedure described. The chromatographic behaviour 
of the peptide after isolation was indistinguishable from that 
of the material as present in the original mixture from which 
it had been separated. Portions of the peptide on hydrolysis 
(6N-HCI 24 hr., 105°) yielded only glutamic acid and phenyl- 
alanine. End-group identification by the method of Sanger 
(1945) gave only DNP-glutamic acid. 
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A second specimen of the peptide was isolated by similar 
means from the products of Reaction 10; it was indistin- 
guishable in chromatographic properties from the previous 
specimen and yielded only glutamic acid and phenylalanine 
on hydrolysis. Various observations made on this specimen 
demonstrated conclusively that it was y-glutamylphenyl- 
alanine and not «-glutamylphenylalanine: 

(i) It was compared chromatographically with synthetic 
specimens of the two peptides; these and the enzymically 
synthesized peptide could not be separated using the 
normal propanol/water solvent. However, advantage was 
taken of the considerable difference in the dissociation con- 
stants of the «- and y-carboxyl groups of glutamic acid 
(which are free in the y- and «-glutamyl peptides, re- 
spectively) to obtain clear differentiation in their behaviour. 
This occurs in systems of appropriate acidity—e.g. with 
butanol/acetic acid/water (20/10/40, v/v) or with propanol/ 
acetic acid/water (80/10/10, v/v)—in which «-glutamy]l- 
phenylalanine travels about twice as fast as the y-glutamyl 
analogue. Under these conditions the enzymically syn- 
thesized peptide proved identical with y-glutamylphenyl- 
alanine, and clearly separable from «-glutamylphenyl- 
alanine. 

(ii) Another important difference between the y- and «- 
glutamy] peptides is their rate of breakdown in the presence 
of the kidney enzyme preparations. When «-glutamyl- 
phenylalanine (005m) was added to the enzyme system it 
was largely broken down within 2 min., and the reaction was 
complete when the next observation was made at 10 min. 
Under the same conditions y-glutamylphenylalanine showed 
considerable stability, only a small portion being broken 
down after 60 min. incubation. 

y-Glutamylglycine. The peptide formed in Reaction 18 was 
isolated from chromatograms on Whatman no. | paper by 
the same procedure. On hydrolysis it yielded only glutamic 
acid and glycine. When compared chromatographically with 
synthetic specimens of «- and y-glutamylglycine, using 
butanol/acetic acid/water (50/10/40, v/v) as solvent, the 
new peptide was indistinguishable from y-glutamylglycine. 
Under these conditions the y- and «-glutamylglycine are 
clearly separated. 


Reactions involving transfer of the glycyl group 

Donors and acceptors in the glycyl transpeptidase 
system. In Table 2 are shown nine examples of 
reactions which have been shown to be catalysed by 
the glycyl enzyme from cabbage; in each of these 
systems a new peptide was formed by reaction 
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between a glycyl peptide and an amino-acid. As in 
the case of the y-glutamyl transpeptidase system, 
a consideration of the primary chromatographic 
evidence concerning these reactions as a whole 
provides strong circumstantial evidence regarding 
the basic nature of the reaction. 

In Reactions 26, 32 and 33, in which phenyl- 
alanine was present as the acceptor, but in which the 
donors were different glycyl peptides, the same new 
peptide was formed and, as will be seen below, this 
was identified as glycylphenylalanine. In Reactions 
26-29, in all of which glycylglycine was the donor but 
in which phenylalanine, leucine, tryptophan and 
methionine, respectively, were the acceptors, a 
different new peptide was formed in each case. No 
new peptide could be detected when alanine was 
added with glycylglycine. It is evident from these 
examples that the nature of the new peptide formed 
is determined by the acceptor amino-acid and is 
independent of the particular glycyl peptide acting 
as donor in the system. This provides a strong 
indication that the reaction consists of the transfer 
of the glycyl group from its linkage in the donor pep- 
tide to new linkage with the acceptor amino-acid. 

All preparations of the glycyl enzyme catalysed 
the hydrolysis of the various glycyl peptides, as well 
as the transfer of the glycyl group when a suitable 
acceptor was present. A striking feature of this 
enzyme is the marked inhibition of hydrolysis 
which is brought about by the presence of acceptor 
amino-acids; this aspect requires quantitative 
study, but to consider a concrete case it appears from 
visual comparisons that the rate of hydrolysis of 
0-05Mm-glycylglycine is inhibited to the extent of 
about 50-75% by the presence of 0-05m-phenyl- 
alanine. 

The reversibility of the group transfer reactions is 
illustrated in Reactions 28 and 30 (transfer of glycyl 
group from glycine to tryptophan and reverse 
reaction) ; Reactions 27 and 31 (transfer from glycine 
to leucine, and reverse reaction); and Reactions 26 
and 34 (transfer from glycine to phenylalanine, and 
the reverse). The last-mentioned case is of especial 
interest in that the donor peptide, glycylphenyl- 


Table 2. Transpeptidation reactions. Transfer of glycyl groups catalysed by enzyme from cabbage 


No. Donor Acceptor 
26 Glycylglycine Phenylalanine 
27 Glycylglycine Leucine 
28 Glycylglycine Tryptophan’ 
29 Glycylglycine Methionine 
30 Glycyltryptophan Glycine 
31 Glycylleucine Glycine 
32 Glycylleucine Phenylalanine 
33 Glycylglycylglycine Phenylalanine 
34 Glycylphenylalanine{ Glycine 


New peptide Fig. 
Glycylphenylalanine* 
Glycylleucinet — 
Glycyltryptophan+ — 
Glycylmethionine —_ 
Glycylglycinet _— 
Glycylglycinet — 
Glycylphenylalanine — 
Glycylphenylalanine — 
Glycylglycinet = 


* Extracted from the paper and examined. 
t Compared on chromatogram against authentic synthetic iiliiaens, 
{ Enzymically synthesized from Reaction 26. 
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alanine, was part of a crystalline specimen which 
had been isolated from Reaction 26 as will be 
described below. It should be mentioned, that 
although glycinamide was hydrolysed slowly in the 
system, no peptide formation could be detected 
when glycinamide was incubated with either glycine 
or phenylalanine. Various of the more active pre- 
parations of the glycyl enzyme had no action on 
leucylglycine or leucyltryptophan when these were 
incubated either alone or with glycine. 

Identification of glycylphenylalanine formed by group 
transfer. The glycyl transpeptidase was allowed to act for 
20 hr. on 0-05m-glycylglycine +0-05m-phenylalanine; by 
this time about one-half of the original glycylglycine had 
disappeared and the new peptide (Reaction 26) had slightly 
passed its maximum amount, as judged on the chromato- 
gram. The reaction mixture was deproteinized with 66 % 
(v/v) hot ethanol, and the filtrate evaporated to about twice 
the original concentration. 4-8 ml. (equivalent to 55 mg. 
original glycylglycine) was spotted on eight Whatman 
no. 3 papers (on 20cm. starting lines). The new peptide 
eluted after this first separation was again separated using 
two chromatograms, the eluate from which yielded 17-6 mg. 
of crystalline material. If the whole of the glycylglycine 
originally present had reacted to form glycylphenylalanine 
(Reaction 26), the yield would have been 92 mg.; it is clear, 
therefore, that at least 30-40% of the glycylglycine which 
had disappeared had reacted to form the new peptide. 

Several lines of inquiry led to the clear conclusion that the 
new peptide was glycylphenylalanine: 

(a) Hydrolysis. Small amounts of the peptide were found 
on hydrolysis (either by heating in 6N-HCl at 105° for 5 hr. 
or under the action of the glycyl enzyme under the usual 
conditions) to yield only glycine and phenylalanine (cf. 
Fig. 3), in approximately equivalent amounts so far as 
could be judged, and no other detectable products. 

(b) Action as glycyl donor. When 5 mg. of the peptide (in 
1-2 ml. final volume) were incubated with 0-05M-glycine in 
presence of the glycyl enzyme, glycylglycine was formed as 
a new peptide (Reaction 34). 

(c) Examination of DN P-derivative. To 4-8 mg. of the 
peptide dissolved in 0-2 ml. saturated NaHCO, was added 
10 mg. 1:2:4-fluorodinitrobenzene dissolved in 0-5 ml. of 
ethanol. The mixture was shaken for 2 hr. The solution was 
concentrated in vacuo to remove ethanol and then acidified 
with HCl to pH 2-0. The precipitate was filtered, washed 
with water and dried. Examined chromatographically 
(Blackburn & Lowther, 1951) this derivative showed only 
one spot. 

The resulting DNP-derivative was dissolved in 0-2 ml. of 
a mixture of glacial acetic acid (9 vol.) +60% (w/v) per- 
chloric acid (1 vol.) and was heated for 8 hr. at 100° in a 
sealed capillary. It was then diluted with 2 ml. water and 
extracted three times by shaking with equal volumes of 
10% (v/v) tert.-amyl alcohol in benzene. DNP-derivatives 
were then recovered from the combined extracts for 
chromatographic examination (described later) by shaking 
with the minimum quantity of 2n-NaOH. Hydrolysis 
products remaining in the original aqueous acid mixture 
were recovered for chromatographic examination as follows: 
the mixture was neutralized to pH 3 with 2n-KOH to 
remove perchloric acid and the solution was evaporated to 
dryness in vacuo over solid NaOH. The residue was 
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thoroughly extracted with 50 % (v/v) aqueous ethanol to 
dissolve free amino-acids and the extracts were filtered from 
KCIO, and evaporated to dryness. The product was ex- 
amined chromatographically using propanol/water (80/20, 
v/v) as solvent. The chromatograms of the DNP-derivatives 
(Blackburn & Lowther, 1951) showed the presence of DNP- 
glycine only, there being no trace of any decomposition 
products nor of DNP-phenylalanine (Fig. 3). Chromato- 
grams of the unsubstituted hydrolysis products showed the 
presence of phenylalanine; no trace of glycine was de- 
tectable (Fig. 3). It could be concluded that the product 
was glycylphenylalanine. 


DISCUSSION 


The experimental results presented above have 
established important characteristics of the two 
enzymes which have been referred to as y-glutamyl 
transpeptidase and glycyl transpeptidase, re- 
spectively. Much remains to be done in determining 
more fully the specificity relations of these enzymes 
(when a fuller range of peptides is available) and in 
exploring the kinetics of the transfer reactions (when 
suitable quantitative methods are available). 
Systematic and quantitative work on the purification 
of both enzymes is needed also to determine whether, 
as seems likely, the same enzyme in eachsystem cata- 
lyses the hydrolytic cleavage, as well as the transfer 
to an acceptor of the appropriate amino-acyl group. 

It is to be noted that the transpeptidation re- 
actions occurring in both enzymic systems are of the 
type which we have designated earlier as carboxyl 
transfer reactions, in which the carboxyl moiety of 
the donor peptide is transferred to new linkage with 
the free amino group of the acceptor (Hanes et al. 
1950). So far no example is known of the alter- 
native type of transpeptidation reaction (amino 
transfer) in which the amino moiety of the donor is 
transferred to new linkage with the free carboxyl 
group of the acceptor. The reactions involving the 
transfer of y-glutamyl and glycyl groups may be 
represented by the following general equation, in 
which X .CO—symbolizes either [HOOC.CH(NH,). 
CH,.CH,.CO—] or [CH,(NH,).CO—] and R, and 
R, symbolize side chain groups of amino-acids: 

R, R, 
X.CO—NH.CH.COOH — NH,.CH COOH 
_* ‘ie R, 

NH,.CH.COOH X.CO—NH.CH.COOH 


The equation represents the reversible transfer of 
the X.CO— group from linkage with one amino- 
acid with side chain R, to new linkage with the free 
amino group of a second amino-acid with side chain 
R,. Both enzymes have been shown to exhibit 
rather wide specificity as regards the amino-acid 
(or peptide) forming the amino moiety of the donor, 
and the same is true as regards the acceptor. 

Close correspondence in specificity range as 
regards acceptor on the one hand, and amino moiety 
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of the donor on the other, might be expected, since 
the acceptor for the reaction proceeding in one 
direction becomes the amino moiety of the donor for 
the reverse reaction. This aspect invites more 
extensive study, although available data are con- 
sistent with the expectation. For example, the 
y-glutamyl transpeptidase catalyses the transfer 
reaction when phenylalanine, glycine or glutamic 
acid is present either as acceptor or as amino moiety 
of the donor; similarly, the glycyl transpeptidation 
reaction occurs when glycine, leucine, or pheny!l- 
alanine is present in either role. It would be of 
interest to determine whether y-glutamylproline 
and y-glutamylarginine would prove unsuitable as 
donors in the y-glutamyl system, and glycylalanine 
in the glycyl system since proline and arginine in the 
former, and alanine in the latter, appear not to act 
as acceptors of the respective groups. 

Consideration of the wider implications of these 
reactions requires mention of the recent evidence 
indicating that, in addition to hydrolytic cleavage, 
some at least of the familiar proteolytic enzymes 
catalyse group transfer reactions as well. This 
possibility was suggested first by Bergmann & 
Fraenkel-Conrat (1937) in connexion with studies on 
enzymic formation of benzoylglycinanilide from 
benzoylglycinamide and aniline, under catalysis by 
papain. Fruton (1950) and Johnston, Mycek & 
Fruton (1950a) using N-labelled ammonia confirmed 
that papain catalyses the transfer of substituted 
(benzoyl, carbobenzyloxy) amino-acyl groups from 
one amide linkage to another. Johnston, Mycek & 
Iruton (19506) demonstrated also a true transpepti- 
davion reaction catalysed by chymotrypsin; it was 
shown in this case that the benzoyl-L-tyrosyl group 
from benzoyl1-L-tyrosylglycinamide was transferred 
to glycinamide of which the amino-group was 
labelled. More recently, Fruton, Johnston & Fried 
(1951) showed that in reactions catalysed by 
chymotrypsin and papain, respectively, various 
substituted «-amino-acyl groups were transferred 
reversibly from amide to true peptide linkage. 
Brenner, Miller & Pfister (1950) demonstrated the 
formation of di- and tri-peptides resulting from the 
action of chymotrypsin upon certain esters of 
threonine and methionine; this interesting reaction 
would appear to exemplify enzymic transfer of 
a«-amino-acyl groups from ester to peptide linkage. 
The latest example is that reported by Waley & 
Watson (1951) in which it appears that the transfer 
of lysyl group to lysine leads to the formation of 
lysyllysine during the action of a mixture of trypsin 
and chymotrypsin on lysyltyrosyllysine. 

The early suggestion by Bersin & Késter (1935) 
regarding the mechanism of the catalytic action of 
papain (and the significance of the —SH group in 
connexion with this activity) is of considerable 
interest in connexion with the now recognized 
occurrence of transpeptidation reactions. Thus 
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these authors postulated, on the lines of Langen- 
beck’s (1933) general theory of catalysis, that the 
hydrolysis of a peptide link takes place in two stages: 
the first stage consists in transfer of the acyl moiety 
of the peptide to an amino group on the enzyme 
adjacent to an —SH group, with the liberation of the 
amino moiety of the peptide; the second stage con- 
sists in reaction of the acyl-enzyme compound with 
water liberating free enzyme and the acyl moiety of 
the peptide. It is evident that this hypothesis 
deserves more detailed study in the present con- 
nexion, especially since it would appear to offer an 
explanation of catalysis of both hydrolytic and 
transpeptidation reactions by a single enzyme if it 
were assumed that the acyl-enzyme compound 
could react either with water or an acceptor amino 
compound. The possibility that proteolytic en- 
zymes in general catalyse both types of reaction 
raises the interesting question as to whether such 
transpeptidations may not play an integral part in 
the continuous process of interchange and re- 
arrangement which characterizes the amino-acid 
and protein metabolism of the cell. 

Our investigations on transfer reactions involving 
the y-glutamyl group arose from studies on gluta- 
thione which had as their object the elucidation of 
possible biochemical relationships between glut- 
amine and glutathione, on the one hand, and 
between glutathione and more general processes of 
peptide synthesis, on the other. That various other 
y-glutamyl peptides besides glutathione are able to 
act as donors of the y-glutamyl group in the same 
transpeptidase system serves to focus attention 
even more sharply upon any special property 
exhibited by glutathione which might account for 
its apparently close association with processes of 
growth and protein synthesis (cf. Waelsch & 
Rittenberg, 1941). No more than tentative specula- 
tions on these questions can be advanced at present. 
One property of the tripeptide which might be 
suggested as being related to its biological import- 
ance is that the cysteinyl-glycine linkage in gluta- 
thione is not hydrolysed in the presence of the wide- 
spread peptidase which induces rapid hydrolysis of 
free cysteinylglycine (cf. Binkley & Nakamura, 
1948). The presence of the y-glutamyl group thus 


‘stabilizes this linkage, apparently by removing it 


from the specificity range of the cysteinylglycine 
enzyme. If, however, removal of the y-glutamyl 
group occurs (either by transfer or by hydrolysis) 
the dipeptide becomes available for hydrolysis— 
and possibly also for participation in transpeptida- 
tion reactions. It is possible thus to envisage 
glutathione acting as a stabilized reserve of «-amino- 
acyl peptide links which become available for the 
synthesis of other peptides by transpeptidation 
when removal of the y-glutamyl] group occurs. 
Such a conception of glutathione as a ‘protected’ 
primary peptide link from which other peptides 
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may arise secondarily by transpeptidation reactions 
throws emphasis upon the mechanism of biological 
synthesis of glutathione itself, and upon the im- 
portant progress toward its elucidation which has 
resulted from the studies by Johnston & Bloch 
(1951) on the synthesis of glutathione in prepara- 
tions from pigeon liver. The tripeptide is synthesized 
in this system from its constituent amino-acids in 
enzymic reactions which involve the breakdown of 
ATP. Detailed elucidation of the nature and se- 
quence of the steps involved in this synthesis of 
glutathione may provide additional indications of 
its biochemical significance. In the meantime recent 
developments in this field give encouragement to the 
further exploration and testing of the speculative 
hypothesis outlined earlier (Hanes et al. 1950), 
which is basically similar to that advanced by 
Fruton (1950)—and again in a recent communica- 
tion by Fruton et al. (1951). According to this con- 
ception the significance of transpeptidation reactions 
lies in their providing metabolic pathways whereby 
certain primary peptide linkages synthesized in 
exergonic processes (e.g. in reactions involving the 
breakdown of ATP) could give rise secondarily to 
other peptides; by the continuation of this process 
of group transfer, progressively longer chains could 
result, and these conceivably could contain amino- 
acid residues in a particular order reflecting the 
specificity of transpeptidase enzymes concerned. 


SUMMARY 


1. Two types of transpeptidation reaction, 
catalysed by different enzymes, are described. These 
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consist in the transfer of the y-glutamy] and glycyl 
groups respectively, from linkage in a ‘donor’ 
peptide to linkage with the amino group of a suitable 
acceptor. 

2. The y-glutamyl transpeptidase from kidney 
tissue has been mainly studied. Reduced and 
oxidized glutathione, and five different synthetic 
y-glutamyl dipeptides have been found to act as 
donors of the y-glutamyl group in the system. Thus 
the enzyme is relatively non-specific as regards the 
amino moiety of the donor peptide, and the same is 
true as regards the acceptor amino-acid (or peptide). 

3. The glycyl transpeptidase has been prepared 
from cabbage leaves. Various glycyl peptides have 
been shown to act as donors of the glycyl group and, 
as in the y-glutamyl transpeptidase, the enzyme is 
relatively non-specific as regards the acceptor 
amino-acids. 

4. While the group transfer reactions resulting in 
the redistribution of y-glutamyl and glycyl groups, 
respectively, between donor peptides and various 
acceptors form a prominent feature of the two 
systems, hydrolysis proceeds simultaneously. In 
the glycyl system hydrolysis is markedly inhibited 
by the presence of suitable acceptors. 
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Haem aisthe name which has been given (Rawlinson 
& Hale, 1949) to the haem which is apparently the 
prosthetic group of at least some of the cytochromes 
a. Studies of the visual spectrum of this haem, and 
of its iron-free derivative, porphyrin a, in com- 
parison with the spectra of other porphyrins and 
haems of known structure (Lemberg & Falk, 1951) 
have led to the postulation of two possiblestructures, 
consistent with all the data available. 

In addition to visual spectra an extensive study 
has been made of the infrared spectra of most 
natural and many synthetic porphyrins and haems 
(Falk & Willis, 1951) in the hope that these might 
provide an analytical tool through which further 
details of the structure of haem or porphyrin a may 
be made clear. The infrared spectra of porphyrins 
and haems provide a useful means of identification, 
not only of individual porphyrins, but also of certain 
side chains on porphyrins. When the infrared 
spectrum of pure haem or porphyrin a can be ob- 
tained, some further light may be thrown on its 
structure by this means. Unfortunately, the isola- 
tion of pure material has not yet been achieved. The 
study reported below concerns further work on the 
isolation of the compound, for the purpose of ob- 
taining pure material for measurement of its infra- 
red spectrum and, if it could be obtained in sufficient 
quantity, for direct chemical study. Haem a of 
doubtful purity has been obtained in very small 
quantities from horse heart (Negelein, 1933; Roche 
& Bénévent, 1936) and from both ox heart and the 
cells of Corynebacterium diphtheriae (Rawlinson & 
Hale, 1949). The haemochromogen band of this 
haem, at about 587 mz., is easily observed with the 
hand spectroscope in pyridine extracts of many 


tissues (heart muscle, pigeon-breast muscle, insect . 


thoracic muscle) after dilution with water and 
reduction with Na,S,O,. Attempts to isolate the 
haem are complicated, however, by four factors: 
(1) The lability of the haem itself, particularly in the 
presence of tissue components such as cysteine 
(Rawlinson & Hale, 1949). (2) The concurrent 
extraction of much protohaem (from haemoglobin, 
myoglobin, catalase, etc.). (3) The concurrent 


extraction of a lipid material which it is extremely 
difficult to remove completely. (4) The relatively 
minute amount of the haem present in the tissues. 


Attempted Isolation of Haem a and Porphyrin a from Heart Muscle 
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Negelein’s (1933) method depended on the ex- 
traction of the total haems from water-washed, 
minced muscle with acetone acidified with hydro- 
chloric acid. The yield of material with ‘a very weak 
protohaemochromogen band at 557 my.’ was 
12 mg. from 5 kg. of fresh mince. The Soret band was 
at about 430 mp. 

Negelein considered that the haemochromogen of 
haem a had a single visual band (at 587 my.). Roche 
& Bénévent (1936), on repeating Negelein’s pro- 
cedure, obtained a compound with haemochromogen 
bands at 587 and 530my. By a modification of 
Negelein’s process they obtained a compound, 
completely free from protohaem, with only a single 
band in the visual region, at 587 my.; the Soret 
band was at 425my. Roche & Bénévent were 
unable to crystallize this compound satisfactorily ; 
they presented evidence which led them to believe 
that the compound with the two-banded haemo- 
chromogen (587 and 530 my.) was the true haem a, 
and the compound with a single visual haemo- 
chromogen band an artifact. 

In 1949 Rawlinson & Hale developed a new 
method for the separation of haem a from proto- 
haem. After extraction of the haems from the tissues 
by acetone-hydrochloric acid, they were trans- 
ferred to ether, adsorbed on a column of aluminium 
oxide, some lipid removed by washing the column 
with ether, the haems eluted with hot glacial acetic 
acid, and transferred again to ether. On extracting 
this ether solution several times with an aqueous 
pyridine-hydrochloric acid buffer the protohaem 
was completely removed, leaving haem a in the 
ether phase. The haem so obtained was contami- 
nated with lipids, but its haemochromogen had 
only a single absorption band in the visual region 
(at 587 my.). Rawlinson & Hale found that the 
haem could react with compounds such as cysteine 
to yield a substance which gave a haemochromogen 
with visual bands at 553 and 525 muz., and that such 
reactions could occur during isolation by unsatis- 
factory procedures. They considered, and it now 
appears acceptable, that the natural haem a is the 
compound which has a haemochromogen with the 
single visual band (at 587 mp.). Though Rawlinson 
& Hale’s process was a great improvement on 
Negelein’s, involving far simpler and fewer manipu- 
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lations, the yield was very small, and the product, 
which was contaminated by lipids, was unstable. 
Rawlinson & Hale (1949) prepared a porphyrin from 
this haem; the visual spectrum of the porphyrin 
prepared in this manner was used as a basis for some 
of the work of Lemberg & Falk (1951). 

Negelein had earlier (1932a) reported the isola- 
tion of a porphyrin from pigeon-breast muscle which 
he called ‘cryptoporphyrin’. The haem prepared by 
the introduction of iron into this porphyrin gave a 
haemochromogen with bands (about 582 and 
531 muy.) recalling those of some other early haem a 
preparations, and at first he thought that this was 
possibly the porphyrin of the prosthetic group of 
the cytochromes a. Shortly afterwards, however, 
Negelein (19326) reported evidence which led him to 
believe that this porphyrin was an artifact arising 
from protoporphyrin through the action of hydro- 
chloric acid during the isolation; indeed, in the 
original paper he reported that the porphyrin could 
be obtained from crystallized, but not recrystal- 
lized, haemin from blood. No cytochrome a has 
ever been identified in blood, and there is thus 
good evidence that the porphyrin was an artifact. 
This was further discussed by Lemberg & Falk 
(1951). 

It was now sought, after extraction of the haems 
from ox heart and conversion of these to porphyrins, 
to prepare porphyrin a in greater quantity and in a 
pure state. A process was indeed found by which 
relatively large amounts of porphyrin, free from 
protoporphyrin, can be prepared conveniently in 
ordinary laboratory apparatus. It has been shown, 
however, that porphyrin a prepared by this method, 
and presumably by any method so far available, is a 
mixture of closely similar substances. Evidence is 
presented which shows that these substances arise, 
during the isolation, from one, or at most relatively 
few precursors. 

The cause of the degradation of the original sub- 
stance(s) has been found to be the action of acid and 
no process has been found in which this can be 
avoided entirely. Until such a process is devised, 
the problem appears to be insoluble. 


MATERIALS AND METHODS 


Absorption spectra were measured with a Beckman photo- 
electric spectrophotometer. 

Ether was treated to remove peroxides. 

Hydrochloric acid concentrations. Because the familiar 
HCl number (Willstatter no.) widely used in the purifica- 
tion of porphyrins is stated in terms of % (w/v) HCl, this 
form is used instead of normality. 

Reaction with hydroxylamine. To a solution of the 
porphyrin in pyridine, excess of a mixture of equivalent 
amounts of solid hydroxylamine hydrochloride and 
Na,CO, was added, the mixture refluxed gently for 5 min., 
cooled and filtered. 
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Preparation of porphyrin a. Method A 


(1) Extraction of haems. Fresh ox heart (4-6 kg.), dis- 
sected free of macroscopic fat, yielded 3-2 kg. of minced 
muscle; this was washed twice with acetone at 0°, pressing 
out each time, and air dried (800 g.). Of this dried mince, 
500 g. were extracted at 3° for 2 hr. with 21. acetone con- 
taining 40 ml. cone. HCl. The extract was filtered from the 
tissue residue; so little haem remained in the tissue that a 
second extraction was not profitable. The filtrate was mixed 
with an equal volume of ether, and the acetone and HCl 
washed out with 2% NaCl to minimize emulsions. 

(2) Preliminary defatting. The ether solution was now run 
through a column (10 x 3 cm.) of MgO grade III (Nicholas, 
1951) packed in ether; the haems were adsorbed as a very 
deeply coloured layer at the top of the column. The column 
was then washed with ether (about 21.) until the ether 
running through no longer left a fatty residue on evaporation. 
The dark zone containing the haems was separated from the 
column, and the haems eluted with glacial acetic acid. Since 
MgO dissolves én glacial acetic acid, the elution was quanti- 
tative and could be done at the melting point of acetic acid. 
The acetic acid solution was mixed with about 2 1. ether, and 
the acetic acid and the magnesium acetate washed out with 
2% NaCl; the ether was then removed in vacuo. 

(3) Removal of iron from haems. The residue was dissolved 
in 100 ml. hot glacial acetic acid, and this solution treated in 
20 ml. portions as follows. The haem solution was brought 
quickly to the boil, and while refluxing gently, about 5 ml. of 
a boiling saturated solution of ferrous acetate in acetic acid 
(prepared under CO,) and 2 ml. conc. HCl were added. The 
resulting porphyrin solution was cooled as quickly as possible 
under the tap. This is the process of Warburg & Negelein 
(1932), modified so as to use the least possible amount of 
heat. 

The several lots of porphyrin solution so prepared were 
combined, mixed with 2 1. ether, the acetic acid neutralized 
with sodium acetate, and the ether solution of the porphyrins 
washed several times with 2% NaCl. 

(4) Removal of protoporphyrin from the porphyrin mixture. 
The ether solution was shaken with 500 ml. portions of 4% 
(w/v) HCi until no more protoporphyrin was removed. This 
was usually achieved in six or seven extractions; very 
little porphyrin a was extracted at the same time, but most 
of it remained in the ether phase, where its absorption bands 
could be seen with the hand spectroscope at 648, 582, 560, 
518 my. approx. Emulsions were broken when necessary by 
centrifuging. 

(5) Removal of lipids by treatment with 25% hydrochloric 
acid. The ether solution, besides the porphyrin a, still con- 
tained much lipid material. It was found that this could be 
quantitatively removed as follows. The ether was removed 
in vacuo, and the residue shaken with 25% HCl at - 10°. 
After standing for about an hour at this temperature the 
porphyrin was in solution and the lipids which had solidified 
were easily separated by gravity filtration at — 10° (What- 
man no. 54 paper). The filtrate was clear and olive-green in 
colour. Ether was added, the mixture diluted with water, 
and on neutralization with sodium acetate the porphyrin 
was transferred to ether. The ether solution could now be 
washed with water; indeed, after this treatment, no more 
emulsions occurred at all. No more fatty material could be 
removed by repeating the 25% HCl treatment. The por- 
phyrin now appeared to be stable if kept in ether or pyridine 
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solution. No change could be detected by spectrophoto- 
metric measurements in material stored for several months 
at 3°. 

From 500g. dried mince (equivalent to 2000 g. fresh 
muscle) yields of 18-20 mg. of this porphyrin were regularly 
obtained in the course of a working day. Its spectroscopic 
properties were very close to those of the porphyrin prepared 
by Rawlinson & Hale (1949) (cf. Table 2). 





Preparation of porphyrin a. Method B 


The haems were extracted from the acetone-dried tissue 
as in method A, step 1, and gross fat removed as in step 2, 
except that a column of Al,O, (Savory & Moore) was used 
instead of MgO, and the haems eluted by several lots of hot 
glacial acetic acid. 

After the elution the haems were again taken into ether, 
and the ether solution shaken repeatedly with an equal 
volume of pyridine-HCl buffer (30 vol. pyridine, 0-15 N-HCl 
to 100 vol.; cf. Rawlinson & Hale, 1949) until no more 
protohaem remained in the ether phase. The ether solution 
of crude haem a was then evaporated to dryness in vacuo. 
A portion now dissolved in pyridine, diluted with 2 vol. of 
water, and reduced with Na,S,0, gave a haemochromogen 
curve identical with the curve published by Rawlinson & 
Hale (with a single visual band at 587 my.). 

The haem was now dissolved in glacial acetic acid, and the 
iron removed as in step 3 above; the porphyrin obtained was 
treated with 25% HCl as in step 5. 


RESULTS 


Porphyrin prepared by Method A. Spectrophoto- 
metric curves of the material before and after the 
treatment with 25% HCl, and of the fatty residue, 
are shown in Fig. 1. The ratios of the intensities of 
the absorption bands I-III to that of band IV 
provide a useful means of comparing such curves 
(Table 1). As may be seen from Fig. 1, with the 
removal of the strong absorption in the blue region 
due to the fat, the intensities of bands I-III increase 
relative to IV, though the positions of the maxima 
are hardly changed. 

Porphyrin prepared by Method B. This process is 
essentially the same as that used by Rawlinson & 
Hale (1949) for the preparation of their porphyrin a; 
the main difference is that instead of the treatment 
with 25% HCl they removed some fatty material 
from the porphyrin by repeated transfers between 
HCl and ether. 

Absorption curves of the porphyrin before and 
after the 25% HCl treatment were similar to those 
shown in Fig. 1. Indeed, the material obtained by 
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this method behaved in all respects like that from 
Method A. The manipulations were much more 
troublesome, however, and the yields much smaller 
and for most of the experiments reported below 
material prepared by Method A was used. 


Optical density 





500 550 600 650 
Wavelength (my.) 


Fig. 1. Visual absorption spectrum of the porphyrin: 
a, before, and 6, after the treatment with 25% HCl 
(stage 5, Method A); —-—-, the fatty residue. Solvent, 
pyridine. 


Preliminary ether -HCl fractionation of porphyrin a 


Rawlinson & Hale observed (personal communi- 
cation) that the HCl number of their porphyrin 
apparently became lower as transfers between HCl 
and ether were repeated. We made similar observa- 
tions. Thus before the 25 % HCl treatment (step 5) it 
was possible to remove the protoporphyrin with 
4% HCl (step 4) without appreciable loss of por- 
phyrin a. After the treatment, however, even 1% 
HCl extracted significant amounts of porphyrin a- 
like material from ether. 

We found, on preliminary fractionation of our 
material, that 6% HCl removed a considerable 
fraction, and when no more porphyrin was removed 
by acid of this strength, a further fraction at least as 
large could be extracted by 15% HCl. Absorption 
data (in pyridine) for typical 6 and 15% fractions 
are shown in Table 2, where the measurements of 
Rawlinson & Hale (1949), calculated to the same 
form, are included for comparison. The positions of 
the bands in all the materials were very similar, but 
band I (about 650 my.) in the 15% fraction was 
more intense than in the fractions extracted by 


_ weaker HCl solutions. 


It was evident that our porphyrin a, which spec- 
trophotometrically was virtually identical with that 
described by Rawlinson & Hale, was a mixture. It 


Table 1. Positions of absorption maxima, and ratios of intensities of the porphyrin (in pyridine solution) 
a, before, and b, after the treatment with 25 % HCl (ef. Fig. 1) 


Positions of maxima 





(mz.) 
r = = AX 
Band nee IV IIl Il I 
a 517 560 582 647 
b 517 560 583 648 


Intensities, relative to band IV 





a a > 
IV BE. II I 
10 1-197 0-852 0-295 
1-0 1-525 1-148 0-328 
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Table 2. Positions of maxima and ratios of intensities of absorption bands 
of porphyrin preparations (see text) ; solvent, pyridine 
Positions of maxima Intensities, 
(mz.) relative to band IV 
ne 
Band ee ae mae és “ eee IV Ill II I IV Ill II I 
Material 
Porphyrin of Rawlinson & Hale (1949) 516 559 582 647 1-0 1-512 1-097 0-301 
Porphyrin prepared by Method A 517 560 583 648 1-0 1-525 1-148 0-328 
Fraction extracted by: 
6% HCl 518 562 583 648 1-0 1-530 1-162 0-346 
15 % HCl 517 562 584 650 1-0 1-510 1-085 0-523 
was at first thought that the material with higher MHale’s pyridine buffer treatment). Further, the 


HCl number and increased intensity of band I 
might be an artifact which had arisen during the 
manipulations. Artifacts with such characteristics 
are not uncommon in porphyrin chemistry. 
Controlled experiments showed that the proportion 
of this material obtained was not influenced by: 

(1) The length of time for which the acetone-dried 
mince was stored (at 3°) before extraction. There did 
not appear to be any significant spectrophotometric 
difference between the product obtained from one 
half of a batch of acetone-dried ox-heart mince 
which was extracted at once, and the products from 
the other half, which was extracted after it had been 
stored for 24 days at 3°. 

(2) The length of time the mince stood with ace- 
tone-HCl for extraction of the haems. A batch of 
acetone-dried ox-heart mince was halved. One half 
was extracted with acetone-HCl for 1-5 hr. and the 
porphyrin a prepared by Method A immediately. 
The other half was extracted for 18 hr. and the 
porphyrin prepared in the same way. There was no 
significant difference in the spectrophotometric 
properties, nor in the relative amounts of the 
porphyrins extractable by 6 and by 15% HCl in 
each experiment. 

(3) The use of the magnesium oxide or aluminium 
oxide columns. A batch of the porphyrin was pre- 
pared essentially by Method A, the preliminary 
defatting on the column (step 2) simply being 
omitted. The procedure was rendered rather more 
difficult by emulsion formation, but the 25% HCl 
treatment removed the fat completely. The product 
was extracted exhaustively with 6 %, and then with 
15 % HCl; two crude fractions were again obtained, 
their spectrophotometric properties being similar 
to those reported above (Table 2). 

There remained as a possible cause of degradation 
the treatment with aqueous HCl—at the stages of 
ether-HCl fractionation, and the 25% HCl treat- 
ment for the removal of fat. Most known porphyrins 
are quite stable to such treatment, and in addition 
the strong band at about 650 mp. was observed 
with the hand spectroscope in preparations which 
had never been treated with aqueous HCl (proto- 
haemin having been removed by Rawlinson & 


absorption curves (cf. Fig. 1) before and after the 
25 % HCl treatment suggested only that this treat- 
ment caused a fall in the absorption at the region of 
500-520 mu. relative to that at about 650 my., and 
not a specific increase in intensity of the band at 
650 mu. 

The hypothesis that the substance of higher HCl 
number was an artifact was thus not directly proved 
or disproved. 

A possible alternative hypothesis was that it was 
the substance with lower HCl number and band I of 
lower intensity which was the artifact. If this were 
the case, the experiments described above should 
have provided evidence about it just as well as the 
original hypothesis they were designed to test. The 
one process not yet tested was the action of aqueous 
HCl. The reason which made it appear unlikely that 
some effect of HCl could have been the cause of the 
appearance of the substance of higher HCl number 
(observation of the band before any aqueous HCl 
had been used) argues not against, but for the possi- 
bility that the converse process was taking place, 
namely, some change was caused by aqueous HCl 
as a result of which the substance of lower HCl 
number was derived from the substance of higher 
HCl number. 

Evidence about this was sought by careful 
fractionation, with HCl, of an ether solution of 
porphyrin prepared by Method A, and refractiona- 
tion in the same way of the fractions so obtained. 


Full fractionation and refractionation 
of the porphyrin preparation 

An ether solution of the porphyrin (free from 
protoporphyrin) prepared by Method A was ex- 
tracted with successive portions of HCl as shown in 
Fig. 2a. The volume of the ether phase was kept 
constant by the addition of fresh ether as required, 
and the volume of HCl used at each extraction was 
equal to that of the ether. The position and intensity 
of maximum absorption in the Soret region (about 
410 mp.) was determined in each HCl extract. 
Beer’s law was obeyed at the concentrations used, 
and the density readings were proportional to the 
porphyrin content of each fraction. For this purpose 
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it was not necessary to adjust the HCl concentration 
to the same value in every fraction. 

The distribution of porphyrin in the successive 
fractions is shown in Fig. 2a. It is obvious that 
perfect separation into true fractions was not 
achieved, but there is good evidence for the presence 
of several (at least four) components. For the re- 
fractionation, the combined 2, 3, 4 and 6 % extracts 
(b), the 8 and 10 % extracts (c), and 12, 15 and 20% 
extracts (d) were transferred to ether, and the ether 
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(c) on refractionation yielded significant fractions to 
1, to 8 and to 10% HCl, but virtually no porphyrin 
remained after this (fluorescence under ultraviolet 
light hardly visible). This meant that the fractions 
which passed from the original into 15 and 20% 
HCl were not present in fraction (c), nor did they 
arise during the refractionation. The 1 % fraction of 
the original should equally have been excluded from 
fraction (c), but apparently more of this material 
arose during the refractionation. This direction of 


8 10 12 15 20 


Conen. HCI (% 


Fig. 2. a, the relative yield of porphyrin (determined at the Soret maximum, see text) at successive extractions with HCl. 
Each step on the histogram represents one extraction with HCl of the concentration shown on the abscissa. b-d, the 
relative yields on refractionation, in the same way, of b, the combined 2, 3, 4 and 6 %; c, the combined 8 and 10 % 
(readings x 4); and d, the combined 12, 15 and 20 % (readings x 8) fractions from the fractionation shown in 2a. 


solutions (b-d) extracted with successive lots of 
HCl in the same way as in the original fractionation. 
The results of these refractionations (Fig. 2 b-d) 
were very interesting. It was evident that shaking 
the ether solutions with aqueous HCl caused a 
degradation. The direction of this degradation was 
from products with higher, to products with lower, 
HCl numbers. 

Thus fraction (d) could hardly have contained any 
of the original material which was extracted by HCl 
concentrations lower than 8%, yet on refraction- 
ation it yielded a pattern of fractions very like that 
from the original porphyrin solution. Again fraction 


the degradation, towards products with lower HCl 
numbers, is strikingly confirmed by the results of 
refractionation of fraction (b). 

Absorption spectra of fractions. The first HCl 
extract at each HCl concentration (cf. Fig. 2a), as 
the fraction least likely to be contaminated with 
material of higher HCl number, was transferred to 
ether, washed well, the ether removed in vacuo, and 
the porphyrin dried and dissolved in pyridine. 
Absorption curves in the visual region were taken on 
each of these pyridine solutions; the positions of 
the maxima and the ratios of the intensities of the 
bands are shown in Table 3. It was found useful to 
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in Table 3. Maxima and ratios (in pyridine solution) of the first fraction extracted by HCl 
at at each of the concentrations indicated, in the fractionation shown in Fig. 2a 
ns Positions of maxima 
% First fraction (muz.) Intensities, relative to band IV 
extracted by HCL. © _ ———_—___ |, — a” —_ 
of (%) Soret IV It It I IV iil II I 
a. 1 413 512 555 581 645 1-0 1-230 0-900 0-615 
2 417 517 560 583 643 1-0 1-660 1-220 0-278 
al 3 417 517 560 582 642 1-0 1-530 1-160 0-316 
of 4 417 516 559 583 645 1-0 1-380 1-078 0-313 
6 417 516 561 582 644 1-0 1-338 1-032 0-306 
8 418 517 561 583 644 1-0 1-500 1-100 0-310 
10 417 518 560 583 645 1-0 1-555 1-150 0-312 
12 418 517 561 583 646 1-0 1-560 1-150 0-347 
15 418 517 560 584 646 1-0 1-445 1-070 0-345 
20 418 517 561 583 649 1-0 1-390 1-050 0-420 
introduce a graphical method for comparison of the determination of the ratios relative to band IV was 
spectroscopic properties of these rather similar approximately + 0-02 unit for bands II and III and 
materials. The changes in position of the maxima +0-05 unit for the much weaker band I. Band I 
are readily appreciated from a consideration of the was significantly more intense in the 15 and 20% 
table, but the pattern in the ratios of intensities of fractions, and this increased intensity was paralleled 
the bands in the different fractions is made much by a slight shift to longer wavelengths. This was the 
clearer by plotting them as in Fig. 3. only consistent marked change in the positions of 
the maxima. 
| 3 3 
= 2 
ec 2 
= £ 
£ ¥ 
g oS 
} 7% 2 
f * 
° Hl 
04 X wi oe oO Ax! 
Nye PE He 
12 3 4 6 8 10 12 15 1s F6 
1 2 3 4 6 8 10 12 15 20 a Conen. HCI (%) b 
Conen. HCI (%) Fig. 4. The changes in relative intensities in the materials 
, Fig. 3. Diagram showing the change of intensities of bands from: a, stage d, Fig. 2; 6, stage b, Fig. 2. Relative in- 
: I-III relative to band IV; data from Table 3. The relative tensities after reaction with hydroxylamine are shown as 
7 intensities after reaction with hydroxylamine are shown =O-. 
0 Se ; 
aes Fractionations in the above manner were carried 
The similar data from the refractionation of Ut on several samples of porphyrin, prepared by 
f fractions (b) and (d) are shown in Fig. 4, in which the Method A from different batches of ox hearts, with 
f pattern of the ratios of intensities of the bands in ©Sistent results. 
; the origina! fractions is strikingly reproduced. This Effect of heating the porphyrin with 
similarity leaves no doubt that really different aqueous hydrochloric acid 
5 materials are contained in these different fractions. aa : 
2 It is noteworthy that all the compounds from Since it appeared that the changes were caused in 
d refractionation of fraction (d) (Fig. 4a) have the Some way by aqueous HCl, its effect was studied mm 
1 relative intensities of bands II and III depressed in ™ore detail. It was hoped that the material might 
: comparison with the corresponding original frac- be degraded by HCl under more drastic conditions 
a | tions (Fig. 3). Forexample, the porphyrin extracted 0a useful, single degradation product. 
f by 6% HCl (Fig. 3) has a true oxorhodo type In a preliminary experiment some material prepared by 
, spectrum, while the 6 % fraction (Fig.4@) has only Method A was fractionated as in Fig. 2a above. The com- 
) a weak rhodo type spectrum. The accuracy of the bined 8 and 10 % fractions, and the combined 12, 15 and 
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20% fractions were transferred to ether, the solution 
washed, the ether removed, and the residues dissolved in 
25% HCl. These HCl solutions were each divided into four 
portions. Portion 1 was at once transferred to ether, washed, 
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Fig. 5. The change in intensities of bands I-III relative to 
band IV, when: A, the combined 8 and 10 % fractions and 
B, the combined 12, 15 and 20% fractions (Fig. 2a) stood 
in the dark in 25% HCl solution a, at zero time; b, after 
50hr. at 10°; c, after 30hr. at 30°; and d, after 3hr. at 70°. 
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Fig. 6. The change in relative intensities of the bands of 
porphyrin prepared by Method A, after standing in the 
dark in 25% HCl solution a, at zero time; b, after 50 hr. 
at -—10°; c-h, after 1, 2, 3, 4, 5, 6 hr. at 57°; i, 7, after 
1-25 and 5 hr. at 95°. The relative intensities after reaction 
with hydroxylamine are shown as -O-. 


the ether removed and an absorption curve measured on the 
residue dissolved in pyridine. Portion 2 was allowed to 
stand in the 25% HClat — 10° for 50 hr.; portion 3 stood in 
the dark at 30° for 30 hr. and portion 4 stood in the dark at 
70° for 3hr. At the end of these times each sample was 
transferred to pyridine and its absorption curve measured. 
In the small samples used, band I was too weak for accurate 
determination of its position, which might have been ex- 
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pected to shift towards shorter wavelengths; there were not 
any significant changes in the positions of the other bands. 
The changes in the relative intensities of the bands were, 
however, quite marked and these are shown in Fig. 5. 


It is seen that the 25% HCl, even at —10°, 
caused a depression of the intensities of bands IT 
and III relative to that of band IV. The depression 
of these bands was increased and hastened as the 
temperature increased. These measurements were 
on the whole samples, without fractionation. The 
depression of the bands in the separate fractions 
(Figs. 3 and 4a) was paralleled in the present ex- 
periment by the depression of the bands in the 
unfractionated material. 

In another experiment, porphyrin prepared by 
Method A was treated, in HCl solution, as indicated 
in Fig. 6. The material, which in this experiment had 
been treated at 57° for 6 hr., was transferred to ether 
and fractionated with HCl. The pattern of relative 
intensities of the absorption bands of the fractions 
was similar to that shown in Fig. 4a. As in the 
previous experiment, the depression of the ratios of 
bands II and III increased both with time and 
temperature, though the band positions hardly 
changed. Even treatment of a 25 % HCl solution at 
95° for 5hr., however, led to a change only from 
oxorhodo- to rhodo-type spectrum, band I re- 
maining at 644 mp. 


Reactions with hydroxylamine 


Various fraetions were treated with hydroxyl- 
amine, and the spectroscopic properties of the pro- 
ducts are indicated in Figs. 3, 4a and 6. It may be 
seen that in all fractions so treated, irrespective of 
the character of the spectrum before the treatment, 
oxime formation had taken place, demonstrating 
that the —CHO group was still intact. This is dis- 
cussed below. 


Evidence for degradation during removal of iron 
(step 3, Method A) 


There is no doubt that HCl, during the HCl-ether 
fractionations, and also during the treatment with 
25% HCl causes changes in the material. It 
appeared likely that similar changes would occur 
during the removal of iron. 

Porphyrin mixtures after removal of iron from 
the haems were transferred immediately to ether 
and esterified with diazomethane. Chromatography 
of the esters on columns of aluminium oxide grade 
IV and of magnesium oxide grades III and IV (ef. 
Nicholas, 1951) showed the presence, apart from 
protoporphyrin, of a variety of porphyrin a-like 
materials which could not be satisfactorily resolved. 
It is only necessary to report briefly that materials 
with spectra similar to most of the fractions shown 





a 





OE Ow OE eS 


peers: 


Vol. 51 


in Fig. 3 were obtained from the chromatograms. It 
thus appeared that, during the removal of iron, 
materials similar to those which arise during treat- 
ment with HCl had appeared. 


Attempts to purify haem a 


There is no evidence yet that the haem, as such, is 
labile in acid conditions. This was borne out to some 
extent when, instead of acetone-HCl, cold pyridine 
was used to extract the haems from the tissue. The 
haems were transferred to ether, and without any 
attempt at removal of the large amount of lipid 
material the protohaem was removed by the 
aqueous pyridine-HCl buffer method of Rawlinson 
& Hale (1949). The haem a so obtained was grossly 
contaminated with fat, but its haemochromogen 
had only asingle visual absorption band, at 587 myz., 
apparently the same as the material prepared after 
acetone-HCl extraction of the tissue followed by 
elution from alumina by boiling acetic acid. This 
haem was eventually converted to porphyrin, and 
this treated by Method A. On fractionation of an 
ether solution of this porphyrin with HCl, fractions 
identical with those shown in Fig. 2a were obtained. 


Chromatography of haems 


The haems were extracted from the tissue and 
defatted as in steps 1 and 2 of Method A. The re- 
sulting ether solution of the haems was evaporated 
to dryness in vacuo. Neither light petroleum nor 
benzene extracted any fatty material from the dry 
residue. The dry material was soluble in butanol, 
which also dissolved the haem when shaken with 
a suspension of it in water brought to pH 4. 
The dried haems, or these, after esterification 
with diazomethane, were used for the following 
experiments. 

The haem esters were chromatographed on 
columns of the following absorbents: Alumina 
grades II and IV, magnesium oxide grades II 
and III (cf. Nicholas, 1951); tale and kieselguhr 
(Hyflo supercel). The following solvents were used, 
singly and in pairs, in varying proportions: chloro- 
form, methanol, ether, benzene, pyridine. Separa- 
tion of both the haems and the haem esters was also 
sought on partition columns. The following solids 
were tried as supports: filter paper powder (What- 
man, standard grade) and kieselguhr (Hyflo super- 
cel). For ‘reverse phase’ chromatography, Hyflo 
treated with dichlorodimethylsilane was used (cf. 
Martin, 1949; Howard & Martin, 1950). The solvent 
systems tried for all three supports were lutidine- 
water, equilibrated and used at both 21° and 3° and 
ether-pyridine buffer (pyridine 30 vol., 0-15N-HCl 
to 100 vol.), at room temperature (18°). 

There was no indication in any of these experi- 
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ments that the haem a might be separated from the 
other materials. The coloured material in every case 
moved slowly down the column with the solvent 
front. Material which eventually ran through the 
columns had the same proportion of haem a to 
protohaem as the starting material. 


DISCUSSION 


From the experiments reported, it became clear 
that once the iron is removed from haem a, the 
porphyrin is very unstable in the presence of acid. 
The spectrum of the product obtained was the sum 
of the spectra of the degradation products, and it is 
clear that the proportions of these, and the re- 
sulting mixed spectrum, vary with both time and 
temperature during manipulations with acid. 

The tendency of the material with higher hydro- 
chloric acid number and band I at longer wave- 
lengths to be changed to material with lower hydro- 
chloric acid number and band I at shorter wave- 
lengths, as well as the constant downward trend in 
the intensities of bands II and ITI relative to band 
IV, are consistent with the hypothesis that the 





changes are due to the destruction of ‘rhodofying’ 
groups (Lemberg & Falk, 1951). Among such groups 
are the —CHO group, the —CH:CH.COOH group 
(Formula I), and the unsaturated isocyclic ring 
(Formula II). These were suggested by Lemberg & 
Falk (1951) as possible structures for porphyrin a, 
consistent with the visual spectroscopic properties 
of haem a and porphyrin a in comparison with the 
properties of compounds of known structure. As a 
basis for this study, the spectra of haem a and 
porphyrin a described by Rawlinson & Hale (1949) 
and Rimington, Hale, Rawlinson, Lemberg & Falk, 
(1949) were used. The presence of a —CHO group 
was confirmed (Lemberg & Falk, 1951), but the 
exact nature of the other ‘rhodofying’ group is not 
known. These studies are considered not to be 
invalidated by the present work, since it seems 
likely that the undegraded, natural porphyrin @ has 
spectroscopic properties very close to those of 
Rawlinson & Hale’s (1949) material. 
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Since it is not clear how a —CHO side chain could 
be changed by HCl in such a way as to yield products 
with the characters described above, it was con- 
sidered more likely that it was the other ‘rhodo- 
fying’ group which was being changed. That this 
was so became apparent when it was found that the 
material which had been heated to 95° for 5 hr. in 
25% hydrochloric acid solution was still able to 
react with hydroxylamine, the spectrum changing 
from rhodo to aetio type and band I shifting from 
647 to 636 muy. 

These findings were parallel with those of Raw- 
linson & Hale (1949) and Rimington et al. (1949), 
who found that treatment of their porphyrin a with 
diazoacetic ester or HI (double bonds in side chains) 
or hydroxylamine (carbonyl groups in side chains) 
led to a change from oxorhodo- to rhodo-type 
spectrum, band I hardly shifting in position. The 
action of both these types of reagent in succession, 
however, led to a product with aetio-type spectrum 
and band I at 625 mu. The parallelism between the 
spectra of numerous fractions before and after 
reaction with hydroxylamine (Figs. 3, 4a, 6) 
showed, moreover, that the effect of the —CHO 
group on the spectrum was approximately equiva- 
lent in all the materials. Thus the differences 
between the fractions must be due to a series of 
changes in the other rhodofying group. It is evident 
that this group is gradually changed by acid towards 
an end state in which its rhodofying effect is com- 
pletely lost. It is not possible, however, to postulate 
intermediate steps in this degradation which could 
account for the many apparent stages in the change. 

Acid apparently caused degradation of the por- 
phyrin even at step 3 (removal of iron). It is possible 
that the numerous products revealed by chromato- 
graphy directly after this step were original com- 
ponents, but their similarity to the materials which 
were shown to be produced by hydrochloric acid at 
later stages makes it more likely that they arose in 
the same way. All methods for removing metals 
from metalloporphyrins (including the relatively 
mild method of Paul, 1950), feature strongly acid 
conditions except the sodium amalgam method 
(Fischer & Hilger, 1924). The latter was unsuitable, 
however, because the —CHO side chain and the 
side chain with an ethylenic double bond would be 
reduced. Thus no suitable alternative process is 
available for this step, nor could any be found for the 
other steps involving the use of acid. Fractionation 
of ether solutions of the haems with aqueous NaOH, 
Na,CO, or Na,HPO, was ineffective. Until suitable 
techniques are developed for all these steps, 
attempts at purification through the porphyrins 
must be unsuccessful. 

It appeared more profitable to turn again to the 
separation and purification of the haem as such. 
There is no direct evidence that the haem is unstable 
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in acid conditions, though this possibility cannot be 
ignored. It should be pointed out that the haemo- 
chromogen band at 587 my. in haem a prepared by 
Rawlinson & Hale’s (1949) method, and, indeed, in 
direct pyridine extracts of tissues, is broad, and may 
include the bands of several similar compounds. It 
is quite possible that there exists more than one 
natural haem a, perhaps corresponding to different 
cytochromes a. Examination at very low tempera- 
tures (cf. Keilin & Hartree, 1949) of this haemo- 
chromogen band in pyridine extracts of tissues 
might allow the detection of such components, 
though the lipids extracted concurrently by pyri- 
dine would make such a study difficult. 

There is little doubt that the failure to separate 
the haems by chromatography was due to the pre- 
sence of lipids, which might be expected to change 
their partitioning properties. The gross fat can be 
removed without much trouble, but the lipid which 
is encountered in smaller but appreciable quantities 
in attempts to purify haem or porphyrin a is still, 
perhaps, the greatest single factor hindering its 
isolation. 

It appears now that the most fruitful approach to 
the problem might be to abandon the efforts to 
purify the natural compounds and instead to 
attempt to prepare a stable derivative of the haem 
through, for example, catalytic hydrogenation, 
fusion in resorcinol or the action of diazoacetic ester. 
Material obtained by the procedures of steps 1 and 2, 
Method A, may be sufficiently free of gross contami- 
nation for this purpose. Unfortunately, it is not 
certain that the haem even at this stage has not 
already suffered some change. 


SUMMARY 


1. During attempts to find a method for the 
preparation, from ox-heart muscle, of porphyrin a 
in quantities sufficient for direct chemical study, it 
was found that the porphyrin is very unstable in 
acid media. 

2. Evidence is presented that the —-CHO side 
chain of the porphyrin is not changed during this 
degradation. It appears that the other ‘rhodofying’ 
group is modified in a gradual manner, leading to a 
series of porphyrins with rather similar spectra. The 


’ degradation is hastened at raised temperatures, and 


in the end-state the ‘rhodofying’ properties of the 
group are lost completely. It was suggested 
(Lemberg & Falk, 1951) that this group may be an 
acrylic acid side chain. It is not yet possible, how- 
ever, to interpret in terms of chemical structure the 
changes which occur during the degradation. 

3. No procedure has been found by which the 
use of acid can be avoided entirely during the 
isolation of the porphyrin. 

4. Haema, as such, may not be unstable to acids, 
though there is no direct evidence on this point. 
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Attempts were made by the use of both absorption 
and partition chromatography to find a method for 
the isolation of relatively large amounts of haem a, 
but without success. 


The authors gratefully acknowledge helpful discussions 
with Dr R. Lemberg and Prof. W. A. Rawlinson, who in 
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Sydney and Melbourne respectively are collaborating in this 
programme, and with Prof. D. Keilin, F.R.S. 
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Some Properties of the Glutaminase of Clostridium welchii 
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In previous papers from this laboratory (Krebs, 
1948; Hughes, 1949, 1950) it was reported 
that cetyltrimethylammonium bromide (cetavlon) 
accelerates the decarboxylation of glutamine and 
glutamic acid in intact cells and extracts of Clostri- 
dium welchii. The present paper is a study of the 
mechanism of this effect. The glutaminase has been 
purified and the effect of cetavlon upon purified 
enzyme preparations has been investigated. Whilst 
cetavlon accelerates the rate of deamination of 
glutamine in intact cells and crude extracts it 
inhibits it in the purified extracts. These findings 
and the result of kinetic studies support the view 
put forward previously (Hughes, 1949) that the 
accelerating effect of cetavlon is due to the removal 
of an intracellular inhibitor normally accompanying 
the enzyme. 


METHODS 


Organisms. Three strains of Clostridium welchii (strains 
SR 12 and 1490 of the National Collection of Type Cultures, 
and a locally isolated strain) were maintained in Robertson’s 
meat medium. Through the courtesy of Dr B.C. J.G. Knight, 
two batches of about 500 g. (wet wt.) of strain 1490 were 
made available from the Wellcome Physiological Labora- 
tories, Beckenham, Kent. These cells had been collected 
after 5 hr. growth on the papain digest described below. 

Growth medium. The usual medium consisted of casein 
hydrolysate, meat, yeast extract and glucose (see Krebs, 


1948). The papain digest meat medium was prepared 
according to Ainsworth, Brown, Marsden, Smith & Spils- 
bury (1947). A semi-synthetic medium was prepared from 
hydrolysed casein (McIlwain & Hughes, 1944) as described 
by Boyd, Logan & Tytell (1947). 

Measurement of enzyme activity. In general, the activity of 
the glutaminase was estimated by determination of the rate 
of ammonia formation. A fresh solution (0-5 ml.) of glut- 
amine (0-02m in 0-25m-sodium acetate buffer containing 
0-025 m-KCl) was placed in one arm of a branched test tube 
made from 20 mm. diameter Pyrex tubing in the form of an 
inverted Y. The other arm contained 1-5 ml. of the enzyme 
solution in acetate buffer (final concen. 0-2m) and KCl 
(final concn. 0-025m). A series of parallel tubes was placed in 
a water bath maintained at 40-0°, and after 1 min. equilibra- 
tion the contents of the two arms were mixed without re- 
moving the tubes from the bath. At 5 min. intervals the 
tubes were removed from the bath and the reaction stopped 
by placing in ice water and adding 0-5 ml. n-H,SO,. NH, 
was determined according to Parnas. Blank NH, determi- 
nations were made on all reagents. In this way a time curve 
of the glutaminase activity was obtained. The initial rate of 
NH, formation was linear in intact cells and in crude extracts 
of Cl. welchii until approximately 50-60% of the added 
224 yl. of glutamine was decomposed, except where the 
glutaminase activity was low, i.e. where less than 5 % of the 
substrate was decomposed in 15 min. The enzyme dilution 
was therefore adjusted so that not more than 60% and not 
less than 10% of the glutamine was decomposed in 15 min. 
Under these conditions the initial rate of reaction was 
proportional to the dilution of the enzyme. Duplicate 
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estimations of enzyme activity agreed within +5%. The 
nu, (i.e. pl. NH;/mg. total N in enzyme preparation/hr.) 
was estimated from the linear part of the curve. 

Chemical estimations. Total N was determined by micro- 
Kjeldahl method (digestion with H,SO, and copper selenate 
for 1 hr.). Non-protein N was determined on solutions after 
precipitation with 3% trichloroacetic acid and protein N 
by difference. Chloride was estimated by the colorimetric 
method of Conway (1947). 

Chemicals. The t-glutamine, L-glutamic and cetavlon 
were the same specimens used in a previous paper (Hughes, 
1950). The safranin, phenolphthalein and sulphonphthalein 
dyes were commercial specimens. 


Extraction of the enzyme 


Solutions of glutaminase can be prepared by grinding the 
cells with powdered glass and extracting the ground mass 
with buffers (Hughes, 1949). This method was inconvenient 
for cell quantities exceeding 3-0 g. wet wt. The setting free 
of the enzyme by autolysis, which was successful in the case 
of the glutaminase of Proteus morganii (McIlwain, 1948), 
was unsuccessful as most of the enzyme activity was lost. 
It was found, however, that the glutaminase was extracted 
almost quantitatively by phosphate or borate buffers, 
pH 7-5-8-5, from cells dried in vacuo from the frozen state. 
A batch of 85 g. (wet wt.) cells was dried without loss of 
glutaminase activity in a desiccator of 8 in. diameter and 
10 in. high, as follows: a paste of cells obtained by centrifu- 
gation at 3500 g. for 15 min. was spread in 1-2 mm. layers 
in Petri dishes (6 in. diam.) and frozen in the freezing com- 
partment of a refrigerator. The dishes were then stacked 
between dishes containing P,0,;, from which they were 
separated by glass triangles, leaving spaces for ventilation. 
The desiccator was maintained continuously at 0-5-0-1 mm. 
Hg by an oil pump. The heat generated by the reaction of the 
P,0; with the water vapour from the cells was sufficient to 
thaw the surface layer of the cell paste. As the P,O; became 
liquid it was replaced with dry P,O, until it no longer 
adsorbed water, showing that the cells were almost dried. 
During the first hour P,O,; had to be replaced at 15 min. 
intervals and three or four times afterwards. After 10-12 hr. 
the evacuated desiccator was placed at 2° for 2 days, after 
which the dried cells were finely powdered in a pestle and 
mortar and stored at 2° in an air-tight container. The dried 
powder lost no more than 15% of its glutaminase activity 
after 7-5 months’ storage. 

To extract the enzyme, the dried cells (10 g.) were mixed 
with 60 ml. of 0:05m-Na,HPO, containing 0-025m-KCl and 
15-20 glass beads (5 mm. diam.) in a stoppered conical flask. 
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The flask was rotated mechanically at about 10-15 rev./min. 
for 15 hr. at 2°, the resulting sludge was centrifuged and the 
bulk of the supernatant was collected by decanting. The 
residue was mixed with 40 ml. Na,HPO,-KCl buffer, 
centrifuged and washed twice with 30 ml. of the above 
buffer. Supernatant and washings were combined and 
centrifuged at 4000 rev./min. for 30 min. The viscous grey- 
green supernatant solution contained 80-90 % of the original 
glutaminase activity (Table 1). 


Purification of the enzyme 


The steps used in the purification were: fractional 
precipitation with acetic acid (stages 1 and 2); 
treatment with safranin (stage 3); dialysis (stage 4). 
The details of the purification of an extract from 
10 g. of strain 1490 are as follows: 


Stage | (first acid precipitation). The clear extract (80 ml.) 
obtained as previously described was cooled on ice, and 
acetic acid (10%) was added slowly with stirring. When the 
pH reached 4-0 (checked by glass electrode) addition of 
acetic acid was stopped and stirring continued for a further 
15 min. The precipitate was collected by centrifuging and 
washed twice in 0-05m-acetate buffer, pH 4-0. The super- 
natant and washings were discarded. The precipitate which 
was at first very viscous, became firm and the centrifuge 
tube was inverted and drained. The solid was extracted with 
105 ml. of 0-2m-Na,HPO, containing 0-025m-KCl, the un- 
dissolved residue which was inactive was removed by centri- 
fuging and discarded. 

Stage 2 (fractionation at pH 5-0 and 4-1). The solution 
from stage 1 was cooled on ice and stirred while acetic acid 
(2%) was added slowly until the pH fell to 5-0. The pre- 
cipitate which contained about 25% of the total enzyme 
activity and 50-60% of the dry weight of the precipitate 
from stage 1 was removed by centrifuging and discarded. 
Acetic acid was added to the supernatant until the pH fell to 
4-1, stirring continued for an hour, after which the pre- 
cipitate was collected by centrifuging and washed twice in 
100 ml. of 0-05m-acetate buffer, pH 4-1, containing 0-02M- 
KCl. After washing, the precipitate formed at pH 4-1 was 
dissolved in 35 ml. of 0-02mM-NaHPO, containing 0-025m- 
KCl and a slight amount of insoluble material removed by 
centrifuging. Acetic acid (2%) was added to the solution 
until the pH was 4-0, the precipitate collected by centrifuga- 
tion and dissolved in 30 ml. of 0-:02mM-Na,HPO, containing 
0-1m-KCl; it gave a clear solution (pH 8-2), containing the 
glutaminase. 


Table 1. Partial purification of the glutaminase of Clostridium welchii strain 1490 
(Experimental details are described fully in the text.) 


Preparation 


Intact cells (52 g. wet wt.) 
Cells of Cl. welchii NCTC 1490 from the Wellcome 


Laboratories frozen and dried over P.O; (wt. =10 g.) 


Combined extract and washings 
Stage 1, first acid precipitation 
Stage 2, precipitate at pH 5-0 
Second precipitate at pH 4-1 (F3) 
Stage 3, filtrate from Zeo-Karb 216 
Stage 4, above filtrate after dialysis 


Volume of 
preparation Total N Activity N Yield 
(ml.) (mg.) (QNus) (%) 
_— 1100 3500 _— 
— 1100 3400 97 
80 685 4300 88 
120 336 6800 69 
60 210 4450 278 
32 68-4 17300 38 
66 34-0 44000 Ad 
60 15-6 83000 40:5 
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With other batches of cells, preliminary tests had 
to be carried out on the solubility of the enzyme 
and the procedure modified accordingly. The first 
precipitate at pH 5-0 in the case of older cells 
(16 hr.) containing 50-60% of the activity (com- 
pared with 20 % in younger cells) was redissolved in 
Na,HPO, and taken to pH 5-0 with acetic acid. The 
resulting precipitate was discarded and the two 
mother liquors combined and taken to pH 4-2. The 
precipitate containing 70-80 % of the activity was 
redissolved and precipitated at pH 4-0 and worked 
as before. A reprecipitation was necessary in the 
case of extracts from still older cells (25—48 hr.). 


Stage 3 (treatment with safranin). Geddes & Hunter 
(1927) introduced safranin as a reagent in the purification of 
enzymes. The method which they used for the asparaginase 
of yeast was modified by changing the safranin concentra- 
tion and by working at pH 8-3 instead of at near pH 6-0. This 
treatment precipitated the bulk of the inert material whilst 
the glutaminase remained in solution. The solution (32 ml.) 
resulting from stage 2 was cooled in ice, and stirred while 
35 ml. of a solution of safranin (0-5% in 0-2mM-NaHPO, 
containing 0-025M-KCl) were slowly added. Stirring was 
continued for 15 min. and a sample of the solution was 
centrifuged and tested with safranin. Further quantities of 
safranin solution were added in three 5 ml. portions until 
tests showed that precipitation was complete. After 15 min. 
standing the bulky red precipitate was removed by centri- 
fugation. The red supernatant was cooled to 2° and filtered 
by gravity twice through the same column of Zeo-Karb 216 
(10 mm. diam., 200 mm. long). This treatment removed the 
safranin; the remaining colour of the solution was a faint 
yellow. 

Stage 4 (dialysis). The filtrate was dialysed against 
2000 ml. 0-04m-KCl in a stirred system, for 48 hr. at 2°; the 
KCl solution was then changed and dialysis was continued 
for another 16 hr. A precipitate which had formed was 
removed by centrifuging and pH was adjusted to 7-0 with 
acetic acid. The clear solution was then placed in test tubes 
in 8-10 ml. portions, frozen on solid CO, and stored at — 15°. 
This preparation was used in the following experiments on 
the properties of glutaminase. The gNx, of one batch was 
83000 and the yield about 40 % (Table 1). Similar material 
was prepared by this method from dried cells of strain SR 12 
and the locally isolated strain. 


RESULTS 
The kinetics of glutaminase 


pH-Activity curve. Acetate buffers (pH 3-5-5-6), 
lactate buffers (pH 2-5-3-5) and veronal-citrate- 
phosphate buffer, pH 2-5—6-0 (Britton & Robinson, 
1931), were used. The nature of the buffer made no 
difference to the pH curve, nor did the variation of 
the concentration of the acetate buffer from 0-02 to 
2-0m over the pH range tested (4-1—5-6). The slope 
of the pH curve, however, changed with the 
purification. The optimum pH remained unchanged 
at pH 5-0—5-2, but the optimum was usually broader 
with purer preparations (Fig. 1). The differences 
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between the activity of pure and crude preparations 
were greater at low pH values. The change in pH 
curves upon purification is consistent with the 
suggestion that inhibitors of glutaminase are present 
in intact cells and crude extracts (Hughes, 1949). 

Temperature and rate of deamidation. The tem- 
perature coefficient of deamidation by purified 
glutaminase between 15 and 40° was 1-8—2-0. At 60° 
the enzyme was inactivated too rapidly for the rate 
of deamidation to be measured. 


3 


NHs evolved (j1l./15 min.) 


20 





Fig. 1. The pH curve of some glutaminase preparations. 
Each tube contained: 0-005m-glutamine; Britton & 
Robinson (1931) buffer; 0-025 m-KCl; enzyme preparation 
sufficient to evolve 70-80yl. NH,/15 min. at pH 5-0. 
O—O, purified enzyme; x— x, intact washed cells of 
strain 1490 and SR12; []—[{(], extracts of strain SR 12 
prepared from cells ground with glass. 


Progress of deamidation and degree of purification. 
Under standard test conditions the rate of reaction 
was linear until 85-90% of the substrate was de- 
composed (Fig. 2) if the purified enzyme was used. 
With cruder preparations, however, as already 
stated, the rate of reaction fell off earlier (Fig. 2). 
The cause of these differences will be discussed later. 
The quantities of ammonia and glutamic acid were 
identical at all stages of the reaction (Table 2). There 
was no evidence of the formation of pyrrolidone 
carboxylic acid. 

Attempts to reverse the reaction by addition of 
adenosinetriphosphate (ATP), magnesium, phos- 
phate (Speck, 1949; Elliott & Gale, 1948; Fry, 
1949) were unsuccessful. Neither intact cells 
nor extracts formed glutamine from ammonium 
glutamate under these conditions. 
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Effect of substrate concentration. The substrate 
concentration activity curve of purified glutaminase 
(Table 3) obeyed the Michaelis-Menten equation. 
The results gave a straight line when plotted 
according to Lineweaver & Burk (1934), i.e. as a 
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Fig. 2. Progress of the reaction with various glutaminase 
preparations. Each tube contained in a final volume of 
2-0 ml.: 0-005m-glutamine; 0-2 M-acetate buffer, pH 5-0; 
0-025 m-KCl; and enzyme solution. x— x, intact cells; 
A—A, acid-precipitated enzyme; O—O, purified glu- 


Purified extract 





taminase. 
0 100 200 300 400 
1/s 
Table 2. The rate of glutamic actd and NH, Fig. 3. Effect of purification on the initial velocity of 
formation by purified glutaminase deamidation at varying substrate concentrations. The 
; a : ‘bedi 

(Each tube contained in a final volume of 2 ml. : 0-005 m- a a 7 gemenpyrgpemarne 
a o2 —. ee — f ag ot 0-025 on for purified glutaminase and l1/vx10 for the crude 
Sa. SES ee See ee. extract prepared from cells broken with powdered glass; 

All concentrations as final concentration. NH, was esti- =molar concn.; »=pl. NH, evolved/5 min 

= .; v=pl. NH; ; 


mated as described on p. 45 and glutamic acid and 
glutamine by a modification of the method of Gale (1947), reciprocal of velocity against the reciprocal of sub- 





eo strate concentration. The Michaelis constant as 
Time of calculated from such plots was from 0-0006 to 
reaction NH, Glutamate Glutamine 0-00063m. Intact cells and crude extracts gave 
(min.) (ul.) (ul.) (ul.) curves that did not follow strictly the Michaelis- 
0 = 3 218 Menten equation (Fig. 3). The half-maximum rate 
: = = = with these materials was at 0-012—0-001 M-substrate 

15 109 110 113 x 2 ; 
25 161 160 aos concentration. Thus the apparent affinity of the 
35 210 209 3-0 enzyme for its substrate increased upon purification. 


Table 3. Rate of deamidation by the purified enzyme at varying 
substrate concentrations 


(Each tube contained glutamine; 0-2M-acetate buffer, pH 5-0, and purified glutaminase (0-003 mg. total N/ml.). All 
concentrations are as final concentrations. NH, in the contents of each tube was estimated by the standard method). 


Enzyme Glutamine Total NH,/5 min. 
added concentration vol. ———_——_ 
(ml.) (m) (ml.) (pl./total vol.) (ul./2-0 ml.) 

1-0 0-01 4-0 64-0 32-0 

1-0 0-005 4-0 61-0 30-5 | 

1-0 0-0025 4-0 61-0 30-5 

1-5 0-0017 6-0 73-4 26-7 

2-0 0-0013 8-0 87-7 f 21-9 

2-5 0-0010 10-0 102-0 20-5 

2-5 0-0005 10-0 76-0 15-2 . 
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Stability. Purified glutaminase lost no activity 
when stored at — 10to — 14° for 2 months. At about 
2° the stock solution lost 2-5 % activity in 7 days 
and 50% if diluted twenty times in 0-025m- 
potassium chloride. At 40° between pH 5-0 and 7-5 
there was a loss of 2-3% after 40 min. In crude 
extracts the enzyme was much less stable at 40°, but 
various batches of cells and extracts showed con- 
siderable variation in stability ; generally the crude 
extracts were more stable at pH 7-5 than at pH 5-0. 
At pH 9-0 enzyme activity of both crude and purified 
extracts was irreversibly lost in less than 10 sec., 
even at 2°. On the other hand, some of the enzyme 
activity lost when crude extracts were incubated 
without substrate at pH 4-0-5-0 was recovered 
when solutions were taken to pH. 8-5 with phosphate 
buffer and re-tested at pH 5-0. 


Table 4. The effect of inhibitors on the rate of 
deamidation by purified glutaminase 


(To one side of a double side arm tube was added a 
solution of the inhibitor in 0-2m-acetate buffer, pH 5-0, 
0-01 m-glutamine. To the other side arm was added enzyme 
(0-004 mg. total N/0-5 ml.). Final volume 2-0 ml. After 
1 min. at 40° the contents of the tube were mixed and rates 
of deamidation were determined as described.) 


Conen. of 
inhibitor Inhibition 

Inhibitor added (m x 10-3) (%) 
y-Glutaminyl hydrazide 50 0 
Methionine sulphoxide 20 0 
*Atebrine’ 10 0 
‘Euflavine’ 10 0 
; 10 85 
CuSO, 1-0 10 
2-0 85 

Todoacetate \ 2-5 50 
NaF 2-5 50 
NaNO, 2-0 35 

NaN, 1-0 5-0 
Na,SeO, 2-5 80 
NaHSO, 2-5 100 
N,H,(H,SO,) 1-0 0 
NH,OH(HCI) 1-0 5-0 

Phenolphthalein 1-0 10 
Phenol red 1-0 22 
Thymol blue 1-0 40 
Bromocresol purple 1-0 85 
1-0 100 

Bromocresol green 0-2 80 
0-05 20 

1-0 100 

Bromsulphalei:* 0-2 50 
0-05 20 


* Disodium sulphonate of phenoltetrabromophthalein. 


The effect of inhibitors. Inhibitors of glutaminase 
at a concentration of about 10-*m were selenite, 
sulphite and iodoacetate and certain phthalein dyes 
(Table 4). Two glutamine analogues, y-glutaminy] 
hydrazide and methionine sulphoxide do not 
inhibit. The acridines tested and found inactive 
were shown by Archibald (1944) to inhibit the 
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glutaminase of animal tissues. This difference is 
possibly connected with the different pH at which 
the systems were tested (see Albert, Rubbo, 
Goldacre, Purvey & Shore, 1945). 

The effect of bromocresol green (0-002m) on the 
initial rate of deamidation was measured at 
substrate concentrations from 0-033 to 0-00125m 
(Table 5). Inhibition was found to be dependent on 
substrate concentration and may thus be regarded 
as competitive. Similar results were obtained with 
bromsulphalein. Treatment of the results according 
to Lineweaver & Burk (1934) gave a straight line 
whose ordinate intercept was almost the same as 
that of the experiment in the absence of the dye. 


Table 5. The effect of bromocresol green on the rate of 
deamidation of glutamine at various substrate con- 
centrations 


(Each double side arm test tube contained glutamine; 
0-5 ml. purified glutaminase (0-004 mg. total N/0-5 ml.); 
0-2m-acetate buffer, pH 5-0; 0-0025m-KCl: total vol. 
2-0 ml. The reaction was stopped and NH, estimated as 


described.) pl. NH,/5 min. 
rc or 
With 
Glutamine Without bromocresol 
conen. bromocresol green 
(m) green (2 x 10-4) 
0-033 43-3 29-6 
0-010 43-3 27-6 
0-005 43-0 27-4 
0-0025 40-0 16-9 
0-002 37-9 14-8 
0-0017 37-2 12-8 
0-00125 34-9 76 


Inhibition by bromocresol green increased as pH 
was lowered below the optimum. The pH curve of 
purified enzyme in the presence of the dye resembled 
that of the crude extracts shown in Fig. 1. 

Bromocresol green also inhibited deamidation in 
intact cells and crude extracts. Glutamic acid 
decarboxylase in the cells was not inhibited by 
bromocresol green; thus glutamate could be esti- 
mated in the presence of glutamine by modifying 
the method of Gale (1947) and adding bromocresol 
green (0-03) to the cells. Under these conditions 
the inhibition by bromocresol green was reversed by 
cetavlon, and this fact was used to devise a mano- 
metric method for estimating glutamate and 
glutamine in the same solution. Unfortunately 
different batches of cells varied widely in their 
behaviour towards both cetavlon and bromocresol 
green and the method was unsuitable for routine 
purposes. Similar results were given by brom- 
sulphalein. 

The effect of anions 


The effect of chloride on partially purified glut- 
aminase. Precipitates obtained by the addition of 
acetic acid to extracts of cells (e.g. stage 3 or 4, 
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Table 6. The effect of salts on the restoration of activity to washed acid precipitates of glutaminase 


(Acid-precipitated glutaminase (F,) was dissolved in 0:2mM-Na,HPO,, pH 8-3, precipitated by the addition of acetic 
acid and washed with water as described in the text. The washed precipitate was then dissolved in buffer and salt mixtures 
and the enzyme activity determined under the standard conditions.) 


Buffer 
0-05 m-Borate-KCl, pH 8-5 
0-05m-Na,HPO,, pH 8-3 
0-05m-Na,HPO,, pH 8-3 


Table 1) lost 75% of their glutaminase activity 
when washed with water and dissolved in phosphate 
buffer. On the other hand, there was little loss 
(<5 %) if the washed precipitates were dissolved in 
borate-potassium chloride buffers, pH 8-5—9-5. The 
lost activity of the phosphate solutions was restored 
by the addition of various chlorides, but not by 
borates or many other salts of potassium or sodium 
(Table 6). The loss of activity upon washing can 
thus be explained by the removal of an activator 
which is replaced by chloride. 


70 


60 


w 
o 


NH; evolved (l./15 min.) 





0-001 0-005 0-01 


Concn. of NaCl (m) 


Fig. 4. Deamidation by glutaminase at varying concentra- 
tions of chloride. Each tube contained in a total volume of 
2-0 ml.: 0-005m-glutamine; 0-2M-acetate buffer, pH 5-0; 
washed enzyme equiv. 0-25 mg. F; (see text) and varying 
concentrations of NaCl, where all concentrations are final 
concentrations. 


To study the effects of various anions in detail a ‘washed’ 
enzyme was prepared by triturating 60 mg. powdered 
acid-precipitated glutaminase (‘F,’, Table 1) with 2 ml. of 
0-05m-Na,HPO,. A small amount of undissolved solid was 
removed by centrifuging and to the clear supernatant was 
added 4 ml. of 0-2M-acetate buffer, pH 4-0. After standing 


Additional NH,/15 min. 

salt added (pl.) 
None 82 
None 8-8 
0:05m-Sodium borate 8-8 
0-05 m-NaCl 82 
0-05m-KH,PO, 8-8 
0-05m-KCl 82 
0-015m-HCl 75 
0-01 m-CaCl, 73 


at 2° for 20 min. the precipitated glutaminase was collected 
by centrifugation and washed five times with 5-0 ml. of 
ice-cold distilled water. The washed powder was redissolved 
in 2 ml. 0-05m-Na,HPO, and diluted with water to 120 ml. 
This treatment reduced the activity by 80-85 %. 

Addition of chloride (0-025m) restored 95-100 % 
of the lost activity (Table 6). The optimal concen- 
tration of chlorides was 0-02M (Figs. 4, 5). Equiva- 
lent amounts of sodium, magnesium, calcium, 
ferric, manganous and cobalt chlorides had similar 
effects. The effect of chloride was also demonstrated 
onsamples of the stock purified glutaminase solution 
which had been dialysed against distilled water. 
Prolonged dialysis against water (beyond 2 hr.) 
resulted in irreversible loss of activity. 
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_Fig. 5. Theeffect of chloride on the progress of deamidation. 


Each tube contained in a total volume of 2-0 ml. : 0-005 m- 
glutamine; 0-2m-acetate buffer, pH 5-0; washed enzyme 
preparation equiv. 0-25 mg. F, (see text) and 0-025m- 
NaCl when added. 


Effect of chloride on intact cells. One batch of cells 
of strain SR12 was washed six times in distilled 
water and another five times in 0-02M-acetate 
buffer, pH 5-0; their chloride concentration fell 
from 0-03 to 0-01m and was not reduced by further 
washing. No enzyme activity was lost on washing 
and addition of chloride did not increase it. The 
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washed cells were ground with powdered glass, and 
extracted with acetate buffer (Hughes, 1949), and 
the extract diluted to contain the equivalent of 
2-5 mg. dry weight cells/2-0 ml. The chloride con- 
centration of the diluted extract was 2x 10-5m, 
part of the chloride having come from the glass. The 
addition of potassium chloride (0-0025m) to this 
extract accelerated deamidation by 250 %. 

Anions other than chloride and the rate of deamida- 
tion. In addition to chloride, some other monovalent 
anions in the following order of effectiveness: 
bromide > chloride > iodide > cyanide and _ thio- 
cyanate > nitrate, accelerated the rate of deamida- 
tion by washed or dialysed preparations of glutami- 
nase (Table 7). Sulphate, phosphate and arsenate 


Table 7. The effect of anions on the rate of deamidation 
of glutamine by washed glutaminase 


(Each tube contained :in 2ml. solution 0-005 M-glutamine; 
0-2m-acetate buffer, pH 5-0; washed enzyme solution 
equiv. 0-25 mg. washed F, (see text). All concentrations 
are final concentrations.) 


NH, formed 
Concentration in 15 min. 

Salt added ( x 10-3) (ul.) 

None - 9-0 
KBr or NaBr 25 90 
10 77 

1-0 53-5 

0-1 19-5 

KCl or NaCl 25 81-5 
10 72 

1-0 38-5 

0-1 16-5 
KI or Nal 25 77 
10 71 
1-0 42 
0-1 22 
KCNS or KCN 25 61 
10 61 

1-0 22-5 
0-1 12 
NaNO, 25 59 
10 51 
1-0 22 
0-1 ll 
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had no effect and nitrite, fluoride, sulphite, selenate 
and selenite inhibited. 

The effect of chloride on the stability of glutaminase. 
Dialysed stock solutions of glutaminase lost 50- 
60 % of their enzyme activity when incubated for 
20 min. at 40°. Only 3-5 % of the enzyme activity 
was lost when 0-025m-potassium chloride was 
added prior to incubation. Chloride thus protects 
the enzyme against inactivation by heat. About 
6-10 % enzyme activity was lost upon incubating 
the dialysed solution with glutamine (0-05m) for 
20 min. showing that the substrate also protects the 
enzyme against inactivation. The acceleration of 
deamidation by chloride is therefore not due wholly 
to its protecting the enzyme against inactivation 
and it is likely that it plays some role in the catalysis 
of the reaction. Similar effects have been described 
for nickel, chromium and manganese in activating 
and stabilizing arginase (Stock, Hellerman & 
Perkins, 1938). 


The effect of cetavlon 


The acceleration of deamidation by cetavilon in intact 
cells. The glutaminase activity and the action of 
cetavlon upon it was found to be dependent on the 
length of the growth period. Washed suspensions of 
strains SR12 and 1490 grown on the laboratory 
medium or on papain digest or on semi-synthetic 
media had a low glutaminase activity until 
growth reached the middle of the log phase (2-3 hr. 
after inoculation); enzyme activity then increased 
rapidly. Growth ceased at 5—5-5 hr. after inocula- 
tion, but the cells continued to form glutaminase 
and maximal enzyme activity occurred 1-5-2 hr. 
after growth had ceased. No acceleration of 
deamidation by cetavlon was found in young 
cells; two- to threefold acceleration occurred after 
cessation of growth (Table 8). Maintaining the pH 
of the medium at 6-8-7-0 by the addition of 
alkali during growth or the addition of glutamine 
(0-01m) has no effect on the behaviour of glut- 
aminase. 

Acceleration of deamidation by cetavlon in extracts. 
In extracts of cells grown for 16 hr. on the laboratory 


Table 8. Age of culture and glutaminase activity of Clostridium welchii (strain 1490) 


(Cells were grown at 37° on casein-meat-glucose medium, washed twice with 0-9% NaCl and suspended in 0-05m- 
acetate buffer, pH 5-0 (4-20 mg./ml.). The glutaminase reaction and estimation of ammonia were carried out as described 
in the text. Dry weight of cells estimated turbidometrically and pH with a glass electrode.) 


qNus 

Time Dry wt. cells pH of medium Without With cetavlon 
(hr.) (mg./ml. medium) after growth cetavlon (1-25 x 10-m) 

0 —_ 6-8 -— — 

2-5 0-13 6-3 360 360 

+ 0-37 5-1 850 850 

5-5 0-43 4:8 1120 1540 

7 0-43 4-7 1560 2120 

13-5 0-40 4-7 2560 4250 
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Table 9. The effect of cetavlon on deamidation by various glutaminase preparations 


(Each tube contained: 0-005m-glutamine; 0-2M-acetate buffer, pH 5-0; 0-025m-KCl; enzyme solution as described 


below. Final vol. 2-0 ml. Temp. 40°.) 


NH, 
(ul./10 min.) 
Without With cetavlon 
Enzyme preparation pH cetavlon (5 x 10-4m) 

A, 16 hr. culture of strain SR 12 (2-5 mg./2-0 ml. final) 5-0 90 210 

4-0 66 140 

B, extract prepared from the above cells after drying in vacuo 5-0 90 90 

(equiv. 2-5 mg./2-0 ml. final) 4-0 60 90 

C, extract of above cells broken with powdered glass (equiv. 5-0 98 110 

3-0 mg./2 ml. final) 4-0 30 100 

D, above extract made to pH 4-0 with acetic acid. Precipitate 5-0 85 85 

removed by centrifuging and suspended in 0-05m-acetate 4-0 30 80 
buffer, pH 5-0 

E, precipitate at pH 4-0 in the above experiment. Dissolved 5-0 45 22 

4-0 40 35 


in 0-2m-Na,HPO, and treated with safranin and Zeo-Karb 


(0-003 mg. total N/2-0 ml.) 


medium and obtained by crushing with powdered 
glass, deamidation was accelerated 20-30% at 
pH 5-0 and 300-700 % at pH 4-0. Thus the acceler- 
ating effect of cetavlon in extracts was about one- 
fifth of that in intact cells at pH 5-0 and two to three 
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Fig. 6. The effect of cetavlon on the pH curve of glut- 
aminase in intact cells and extract. Cl. welchii SR12 was 
grown for 16 hr. on the laboratory medium, and the 
extract prepared by grinding with powdered glass as 
previously described (Hughes, 1949). Glutaminase 
activity was estimated as described in the text. O—O, 
intact cells; (JL, intact cells with cetavlon; x— x, 
extract; A—A, extract with cetavlon. 


times greater at pH 4-0. In extracts of dried cells 
the effect of cetavlon was generally less marked, but 
showed the same increase at the lower pH values 
(Table 9). 


Fig. 6 shows that cetavlon changed the 


pH curve of the enzyme in intact cells and extracts 
by broadening the optimum towards the lower pH 
range. Differences in the effect of cetavlon between 
the various enzyme preparations could thus be 
partly accounted for by differences in their pH curve, 
i.e. the steeper the pH curve in the acid range the 
greater was the effect of cetavlon. 

Acceleration by cetavlon decreased as the ex- 
tracted enzyme was purified and, as shown later, 
deamidation in the finally purified enzyme was in- 
hibited by the usual concentration of cetavlon 
(2-5 x 10-8m). In the course of purification of the 
enzyme, the accelerating effect remained unchanged 
after one precipitation of the enzyme with acetic 
acid at pH 4:0. Some diminution occurred on 
repeated precipitation and solution in 0-2m-borate 
buffer, pH 8-5 (Exp. D, Table 9). Treatment of the 
enzyme solutions with safranin resulted in the 
complete loss of accelerating effect (Exp. H, Table 9). 
At this stage the pH curve of the enzyme was the 
same as that in the finally purified solutions. In 
these experiments the cetavlon concentration was 
reduced to 5x 10-4m in order to avoid inhibiting 
effects at the later stage of purification. This con- 
centration gives the maximum acceleration (Hughes 
1950) in cells and crude extracts. 

The effect of cetavlon at varying substrate concentra- 
tions. In intact cells and in crude extracts cetavlon 
increased the rate of deamidation at substrate con- 
centrations below 0-04m, but not at 0-1 (Table 10). 
The substrate concentration-activity relation, 
plotted according to Lineweaver & Burk (1934), did 
not give straight lines possibly because diffusion is 
one of the limiting factors. The concentration at 
which the velocity was half maximal was decreased 
from 0-025 to 0-013m by 2-5x 10-*m-cetavlon. 
Cetavlon thus increased the apparent affinity of 
glutaminase for glutamine. 
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Table 10. The effect of cetavlon on the rate of deamida- 
tion of glutamine at varying substrate concentrations 


(Experimental details were as described in Table 3, but 
intact cells (2-5 mg. dry wt./ml.) were used in the place of 


ified extract. 
purified extract.) NH, formed (yl.) 


Concentration 
of glutamine Without With cetavlon 
(Mm) cetavlon (1-25 x 10-$m) 
0-100 148 151 
0-035 109 126 
0-013 79 110 
0-010 62 111 
0-004 47 84 
0-002 34 61 


Inhibition of deamidation by cetavlon. As already 
mentioned, relatively low concentrations of cetavlon 
inhibited deamidation in the purified extract 
(Exp. A, Table 11) and had little effect in intact cells 
and crude extracts (Exps. B and C, Table 11). 


Table 11. Inhibitory effect of cetavlon 


(Each tube contained: 0-005m-glutamine; 0-2m-acetate 
buffer, pH 5-0; 0-025mM-KCl. Enzyme solution as described 
below. Total vol. 2-0 ml. Temp. 40°.) 


Cetavlon 
concentration NH, 
Enzyme preparation (x10-3m) = (u1./10 min.) 


A, purified glutaminase 0 106 


(0-004 mg. total N) 0-002 105 
0-08 90 

0-13 90 

1-25 70 

2-5 47 

5-0 35 

B, Cl. welchii strain SR12 0 90 
grown for 2-5 hr. (0-25 mg. 0-8 101 
total N) 1-25 108 
2-5 110 

5-0 84 

C, extract of the above cells 0 90 
after grinding with powdered 0-008 93 
glass (0-35 mg. total N) 0-3 82 
1-25 93 

25 90 

5-0 81 


Table 12. The effect of pH on the inhibition of 
deamidation by cetavlon 


(Each tube contained: 0-005m-glutamine; 0-2m-acetate 
buffer, pH 5-0; 0-025m-KCl; purified enzyme solution 
(0-004 mg. total N). Total vol. 2-0 ml. Temp. 40°.) 


NH, (ul./10 min.) 


re 
pH of Without With cetavlon Inhibition 
reaction cetavlon (0-0025 m) (%) 
5-5 94 55 42 
5-0 108 54 50 
4-7 105 84 20 
4:5 101 89 11 
4:3 101 90 11 
4-0 96 92 4 


3-6 85 81 5 
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This inhibition decreased at pH values below the 
optimum and was negligible at pH 4-0 with the usual 
concentration (2-5 x 10-*m) of cetavlon (Table 12). 
At this pH there was no acceleration of deamidation 
when the concentration of detergent was reduced to 
5x 10-*m. 


DISCUSSION 


The present experiments upon the acceleration by 
cetavlon of the deamidation of glutamine in intact 
cells and crude extracts of Cl. welchii confirm the 
previous suggestion (Hughes, 1949) that the deter- 
gent increases the affinity of the glutaminase for its 
substrate. As judged by the apparent Michaelis 
constants (Table 13), increase in affinity also re- 
sulted from purification of the enzyme. Parallel 


Table 13. The apparent Michaelis constants of 
various glutaminase preparations 


(The results of measuring the rate of deamidation at 
various substrate concentrations were plotted in the form 
of initial velocity against substrate concentration. Maximal 
velocity was estimated by extrapolation and the figures in 
the table are the concentration of substrate at half maximal 
velocity.) 


Apparent 
Michaelis 
Enzyme preparation pH constant 
Intact cells of strain SR12 5-0 0-005 
Above cells with cetavlon 5-0 0-002 
(0-0025 m) 
Extract of the above cells as 4-1 0-012 
described by Hughes (1949) 
Above extract with cetavlon 4-1 0-0025 
(0-0025 m) 
Purified extract* 5-0 0-00063-0-00060 
Purified extract* 4-1 0-00070 


* These results agreed with those obtained by plotting 
according to Lineweaver & Burk (1934). 


with the increase in affinity during purification the 
accelerating effect of cetavlon decreased, and in the 
purified extracts the detergent did not accelerate, 
but, under some conditions, inhibited deamidation. 
It is unlikely, therefore, that the increase in the 
affinity of the enzyme for substrate is due to a 
reaction between cetavlon and the glutaminase, 
since if this were so, acceleration would be found 
in purified as well as crude enzyme preparations. 
The previous suggestion (Hughes, 1949), that the 
detergent accelerates the enzyme reaction by re- 
moving a competitive inhibitor, therefore seems 
eminently feasible. Mechanisms by which an in- 
hibitor might be removed by cetavlon have already 
been discussed (Hughes, 1950) and the presence of 
detergent micelles shown to be important. 

An additional inhibitory effect, not reversible by 
cetavlon, was noticed in activity measurements on 
crude enzyme preparations at varying substrate 
concentrations. Treatment of the results according 
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to Lineweaver & Burk (1934) suggested that 
diffusion limited the rate of deamidation at the lower 
substrate concentrations. 

The acceleration of deamidation by anions. The 
activation of washed and dialysed glutaminase by 
monovalent anions is especially interesting since, so 
far as the authors are aware, this is the first occasion 
in which activation of a bacterial enzyme by uni- 
valent anions has been reported. The order of 
effectiveness of the anions activating bacterial 
glutaminase is similar to that of the anions 
activating salivary and pancreatic amylase 
(Hoffmeister, 1888; Pringsheim, 1912). No bacterial 
amylase so far studied is activated by anions 
(Hockenhull & Herbert, 1945; Kneene & Beckford, 
1946; DiCarlo & Redfern, 1947). Renal glutaminase 
and the glutaminase of rat liver has been shown to be 
activated by sulphate, arsenate and phosphate 
(Mylon & Hellor, 1948; Greenstein & Leuthardt, 
1948; Errara, 1949; Errara & Greenstein, 1949). 
Neither these anions nor chloride and bromide 
accelerate the non-enzymic hydrolysis of glutamine 
(Gilbert, Price & Greenstein, 1949). The present 
experiments do not make it possible to suggest a 
mechanism for the acceleration of deamidation by 
chloride and other anions, but it seems likely that 
they play some role in catalysing deamidation as 
well as in protecting the glutaminase against heat 
inactivation. 

Comparison between the glutaminase of Cl. welchii 
and those from other sources. The glutaminases of 
Proteus morganii (McIlwain, 1948) and Escherichia 
coli (Hughes, 1949) have approximately the same 
optimum pH as that in Cl. welchii, but experiments 
not reported here suggest that they are not acceler- 
ated by chloride. In streptococci (MclIlwain, 
Roper & Hughes, 1948) the breakdown of glutamine 
occurs only in the presence of a concomitant 
reaction with glucose and is inhibited by y-glut- 
aminyl hydrazide. Glucose does rot affect the rate 
of deamidation in Cl. welchit and y-glutaminyl 
hydrazide is also without effect. The main simi- 
larities between the glutaminases from animal tissues 
and that from Cl. welchii are that they are hydro- 
lytic enzymes which yield ammonia and glutamic 
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acid quantitatively without the formation of pyro- 
lidone carboxylate and are inhibited by brom- 
sulphalein. The main differences in the enzymes 
from the two sources are that the optimum pH of 
the enzymes in animal tissues is from 8-0 to 9-0 
(Archibald, 1945), while that in Cl. welchii is at 5-0; 
and as already mentioned above there is a difference 
in the anions which activate the enzymes. 


SUMMARY 


1. The glutaminase of Clostridium  welchii 
strains SR 12 and 1490 has been extracted from dried 
cells and purified from 40- to 60-fold in different 
batches, by fractionation between pH 4 and 5 and 
treatment with safranin. 

2. The affinity of the enzyme for its substrate, its 
efficiency below the optimum pH, and its solubility, 
increased upon purification. 

3. Cetavlon accelerated deamidation by intact 
cells reaped towards the end of the lag phase of 
growth, but not by younger cells. 

4. The accelerating effect of cetavlon in intact 
cells and crude extracts was due to an increase in the 
affinity of the enzyme for its substrate. In purified 
extracts cetavlon did not accelerate, but inhibited, 
deamidation. These results suggest that the 
acceleration is due to the removal of a competitive 
inhibitor. 

5. The partially purified glutaminase lost activity 
(75 %) upon washing with or dialysis against water. 
The lost activity was restored by some univalent 
anions in the following order of effectiveness: 
bromide > chloride > iodide > cyanide > thiocyanate 
and nitrate. 

6. Inhibitors of glutaminase included phenol- 
phthaleins and sulphophthaleins. The action of one 
of these, bromocresol green, has been shown to be 
competitive. The dye also alters the shape of the pH 
curve of the enzyme by decreasing its efficiency 
below the optimum pH. 


The authors wish to express their thanks to Prof. H. A. 
Krebs, F.R.S., for his help and advice. They are also grateful 
to Dr B. C. J. G. Knight for his gifts of two large batches of 
cells of Cl. welchii. 
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The Quantitative Determination of Dehydrogenase Activity 
in Cell Suspensions 


By A. R. FAHMY anp E. O’F. WALSH 
Department of Physiology, Royal Free Hospital School of Medicine, London 


(Received 26 July 1951) 


While investigating the action of nicotine on the 
enzyme systems of yeasts we attempted to use 
variations of the classical Thunberg technique to 
compare the behaviour of the dehydrogenases of a 
normal yeast with those of one which had been 
grown in the presence of nicotine. The methods 
proved unsuitable with the apparatus available 
because the suspended cells prevented reliable 
measurement of the residual colour with an ordinary 
photoelectric absorptiometer and some of the 
methylene blue was always firmly adsorbed on to the 
cells. If, on the other hand, the time required for 
complete decolorization be measured, it is difficult 
to draw conclusions from comparative inhibitions 
or activations because the concentration of the 
hydrogen acceptor becomes a limiting factor during 
the course of an experiment. 

Triphenyltetrazolium chloride (TTC), which 
yields a water-insoluble red formozan on reduction 
(Kuhn & Jerschel, 1941; Straus, Cheronis & 
Straus, 1948), has advantages over methylene blue 
as hydrogen acceptor in that it can be present in 
excess throughout an experiment and it can be used 
in the presence of air. The colorimetric method of 
Kun & Abood (1949), which employs TTC for the 
determination of succinic dehydrogenase activity in 
mammalian tissue homogenates, depends on the 
solubility oi the formozan in acetone. Their method 
cannot be applied to yeast suspensions since acetone 
fails to extract the colour from the cells. Even with 
mammalian tissues they found it necessary to 
prepare reference standards in order to correct for 
the unequal adsorptions of the dye by different 
tissues and Becker (1949), who investigated the 
suitability of TTC as a histochemical stain for 
dehydrogenase, observed that the formozan was 
deposited in and around the tissues in an irregular 


manner. 


In the present paper a method is described which 
is suitable for the quantitative determination of 
the activity of various dehydrogenases in yeast 
suspensions. 

EXPERIMENTAL 


Colorimetry. All measurements were made with a Hilger 
Biochemical absorptiometer using a blue filter, OB 2. 

Yeast suspension. Except where otherwise stated, a 
suspension in distilled water of the washed cells of Saccharo- 
myces cerevisiae was aerated for 2 hr. at 37°, centrifuged and 
the cells were resuspended in distilled water. 

Triphenyltetrazolium bromide (TTB). A 05% (w/v) 
solution in distilled water of the commercial preparation 
‘Grodex’ (May and Baker Ltd.) was freshly prepared or 
stored in a refrigerator. 

Phosphate buffer. Clark & Lubs’s standard buffer, 0-05m 


and pH 7-6. 
Other chemicals. All materials used were of ordinary 
reagent purity. 


RESULTS 


In the preliminary experiments a suspension 
(1-0 ml.) of washed, but not aerated, yeast cells was 
mixed with phosphate buffer, pH 7-6 (2-5 ml.) and 
TTB solution (0-5 ml.) and the mixture was incu- 
bated at 37° until a distinct red colour had developed. 
Mixtures, so prepared, were mixed either with 
acetone (1—2-5 vol.) as in the method of Kun & 
Abood (1949) or with ethanol (1-2 vol.); or they 
were shaken with either toluene, xylene, chloroform, 
isobutanol or amy! alcohol. Similar attempts to 
extract the colour were made with mixed solvents 
(e.g. toluene with methanol or pyridine) and with 
the mixture rendered either acid or alkaline by the 
addition of sulphuric acid or sodium hydroxide. 
None of these methods was successful. 

If the tubes containing the mixture with ethanol 
(1-5 vol.) were immersed in boiling water for 3 min., 
the colour was extracted completely from the cells, 
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but such a method has obvious disadvantages. 
Addition of glacial acetic acid (1-5 vol.) to the 
mixture dissolved the formozan which could then be 
extracted readily and completely by shaking with 
toluene. With smaller proportions of acetic acid the 
dye can be extracted from the cells, but stable 
emulsions result and it is difficult to separate the 
toluene layer. 





Colorimetry of toluene solutions 
Solutions in toluene of the formozan in known 
concentrations were prepared by extraction of 
solutions which contained measured quantities of 
TTB and to which a few crystals of sodium dithio- 
nite (Na,S,O,) had been added. The linear relation- 
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Fig. 1. Relationship between optical density and concentra- 
tion of formozan (reduced triphenyltetrazolium bromide) 
in toluene. For details see text. 


ship between optical density and the concentration 
of the dye in toluene is shown in Fig. 1. 

Solutions of the formozan in either toluene or 
xylene are clear red, and the colour is stable for 
several hours, whereas the colour of solutions in the 
oxygen-containing solvents (alcohols, acetone, acetic 
acid) is dull orange-red and is somewhat less stable. 


Measurement of dehydrogenase activity 

Reaction mixtures (4ml.) containing the cell 
suspension, buffer, substrate, TTB solution (0-5 ml.) 
and any other reagents are prepared in glass- 
stoppered tubes. Controls without substrate are also 
prepared. The mixtures are incubated at the 
desired temperature and, after a suitable interval, 
reaction is arrested by the addition of acetic acid 
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(6ml.). The acidified mixtures are shaken with 
toluene (6—10 ml.), centrifuged if necessary, and the 
coloured toluene layers are compared in a photo- 
electric absorptiometer. 


Effect of enzyme concentration 

The colours developed in a series of mixtures, 
prepared as above, but which contained different 
amounts of non-aerated yeast cell suspension, were 
compared. The results, which demonstrate the 
linear relationship between the optical density of the 
toluene extracts and the concentration of the mixed 
dehydrogenases, are shown in Fig. 2. Similar results 
have been obtained with aerated yeast suspensions 
and either glucose or ethanol as substrate. 
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Fig. 2. Relationship between colour developed and 
quantity of yeast suspension. For details see text. 


Microscopical examination of the cells remaining 
after an experiment confirmed that none of the 
colour had remained with the cells. 

By means of the procedure, here described, we 
have been able to obtain consistent results on 
measuring the effects of nicotine on the activity of 
various dehydrogenases in living yeast cells. 
Consistent results were not obtained when we used 
other, previously available, methods. 


SUMMARY 
A colorimetric method is described for the quanti- 
tative determination of dehydrogenase activity in 
yeast and other cell suspensions. The method is 
especially useful when it is desired to measure 
the effects of either activators or inhibitors on 
dehydrogenase systems. 
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Adaptation of Bacillus subtilis to Fatty Acids 


By H. LASER 
Molteno Institute, University of Cambridge 


(Received 27 June 1951) 


It has previously been shown (Laser, 1951) that 
respiration and growth of Bacillus subtilis are in- 
hibited by cis-vaccenic acid, the degree of inhibition 
being dependent on the ratio of acid to cells. The 
inhibition is transient at suitable ratios, respiration 
and growth ultimately proceeding at rates equal to 
or even greater than those of untreated controls. 
Bacterial cells, which have recovered from the 
initial inhibition by vaccenic acid, were found to be 
resistant to further addition of the acid, a result 
which resembles acquired drug resistance by 
bacteria. These studies have now been extended to 
other fatty acids and the behaviour of such treated 
cells after subculture in absence of fatty acids has 
been examined. 


MATERIAL AND METHODS 


The strain of B. subtilis used was no. 2586 of the National 
Collection of Type Cultures. Vegetative forms were obtained 
and prepared for manometric experiments as previously 
described (Laser, 1951). 

The medium in which washed cells were suspended was 
0-15M-phosphate buffer, pH 8-0, containing 2% glucose 
+0-5 ml. nutrient broth/3-0 ml. 

The fatty acids tested were stearic, linoleic, oleic and 
synthetic cis-vaccenic acid (Morton & Todd, 1950). They 
were dissolved with heating in 0-3 M-K,PO, (usually 2-0 mg./ 
ml.), diluted with water to 0-15M, and pipetted into the 
reaction vessel immediately before adding the organisms. 
The acids and their solutions in K,PO, were kept under N, in 
the cold. The solutions were warmed before use and in the 
case of stearic acid, all the components of the medium were 
heated to 40° and quickly pipetted into warmed vessels. In 
order to maintain the pH of the phosphate buffer at pH 8-0, 
0-12 ml. 0-15M-KH,PO, were added per 0-1 ml. 0-15m- 
K,PO, containing the dissolved fatty acid. 

Respiration was measured manometrically in Barcroft- 
Warburg manometers at 37°. The gas phase was O,. As a 
rule all components of the medium were filled into the main 
compartment of the flasks before the beginning of the ex- 
periment, the fatty acid being added immediately before the 
organisms. In those experiments in which the fatty acid was 
added at t=0 or at a convenient time during the course of the 
experiment, it was tipped into the main compartment of the 
vessel from a side bulb, the required amount of acid being 
dissolved in 0-05 ml. 0-15M-K,PO,. The same amount of 
0-15M-K,PO, was tipped at the same time into the control 
vessel. 

The initial (dry) weight of cells per vessel varied between 
0-5 mg. (growing cells) and 1-0-2-0 mg. (washed cells), 
contained in 0-1-0-4ml. of a suitably diluted washed 


suspension. Its turbidity was determined by means of the 
Spekker absorptiometer (1 cm. cell, Ilford filters H503 and 
608) and the cell content (on a dry weight basis) obtained by 
reference to a calibration curve. 

Tosubculture cells after treatment with a fatty acid at the 
end of a manometric experiment, the following procedure 
was observed. One small drop of the cell suspension was 
plated on nutrient agar in a Petri dish and incubated over- 
night at 37°. In order to exclude accidental contamination 
during the manometric procedure, the culture was ex- 
amined microscopically and cells from a single colony were 
then incubated in 10-0 ml. nutrient broth + 2% glucose for 
8 hr. and transferred into Roux flasks upon peptone-agar 
for about 16 hr., as previously described (Laser, 1951). 

Symbols and abbreviations. R=‘acid ratio’ =ratio of wt. 
of fatty acid in the medium: dry wt. of cells. Recovered 
cells = cells whose respiratory and growth rates, after initial 
inhibition by a fatty acid, had equalled those of the un- 
treated control. Qo, =. O, uptake/mg. dry wt./hr. 


RESULTS 


The present experiments deal mainly with the effect 
of fatty acids on the respiratory rate of washed cell 
suspensions in phosphate buffer solution + glucose 
and on the respiratory and growth rates of cells in 
the same medium to which nutrient broth had been 
added. No growth occurs in washed suspensions in 
absence of broth, so that the rate of O, uptake, in 
absence or presence of fatty acid, is a measure of the 
ability to oxidize glucose. In growing cells the rate 
of O, uptake is, in addition, an index of growth, 
i.e. the logarithmic increase in cell population is re- 
flected in the logarithmic increase of the respiratory 
rate. 
The effect of stearic acid. Fig. 1 shows the effect of 
different concentrations of acid on the O, uptake of 
2-0 mg. washed cells. It will be seen that (1) at the 
concentrations used, the respiration is initially 
inhibited ; (2) the inhibition increases with increasing 
amounts of acid; (3) the cells gradually recover from 
the inhibitory effect of the acid and eventually 
attain a rate of O, uptake which approaches or 
equals that of the control. Similar curves are ob- 
tained if the same concentration of acid is allowed to 
act on decreasing amounts of cells, i.e. the inhibition 
becomes greater as the cell concentration falls. This 
confirms earlier results with vaccenic acid (Laser, 
1951) and demonstrates that the inhibition depends 
much less on the concentration of acid in the medium 
than on the ratio of acid to cells. This ratio (R) has 








therefore been used throughout the descriptive part 
of the paper while the corresponding molar concen- 
trations are given in the figures. 

Stearic acid, which was the only saturated acid 
tested, has been found to inhibit respiration less 
than the unsaturated acids. This became especially 
apparent at higher concentrations, the cells toler- 
ating and recovering from acid ratios as high as lI, 
which was not the case with the other acids. Such 
a result could be ascribed to the low solubility of 
stearic acid which might prevent a uniform distribu- 
tion of acid among the cells. Preliminary experi- 
ments, however, in which the precaution of warming 
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Fig. 1. Effect of varying ratios of stearic acid: cells (R) on O, 
uptake of washed suspensions (2-0 mg. dry wt./4-7 ml.), 
plotted as % of Qo, (1. O,/mg. dry wt./hr.) of control in 
absence of acid; 0-15M-phosphate buffer, pH 8-0,+2% 
glucose; gas phase, O,. The figures on the curves 
denote R. Concentration of acid in the medium (from 
top to bottom): 0-94, 1-89, 3-75, 7-57 and 15-1 x 10-*m. 


all components of the medium prior to setting up the 
vessels was not taken (see Methods), allowed this 
possibility to be excluded. Under these conditions 
the paradoxical effect was obtained that the in- 


hibition of O, uptake increased with decreasing con- — 


centrations of acid. This can be explained by the 
readiness of dissolved stearic acid to precipitate out 
of solution more quickly at high than at low con- 
centrations, thereby diminishing the effective R. 
This effect was not encountered when the proper 
precautions were taken. The relatively low in- 
hibitory effect of stearic as compared with the 
unsaturated acids therefore appears to be real. A 
similar observation, namely the relatively low 
toxicity of stearic acid as compared with un- 
saturated acids, has been made by Kodicek & 
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Fig. 2. Effect of different acids on O, uptake of washed cell 
suspensions (2-0 mg. dry wt./3-0 ml.), plotted as per- 
centage of Qo, of control in absence of acid; 0-15m- 
phosphate buffer, pH 8-0,+2% glucose; gas phase, 0, ; 
ratio of acid: cells=0-05; concentration of acids in 
medium = 1-18 x 10-*; A, stearic; B, oleic; C, vaccenic; 
D, linoleic acid. 
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Fig. 3. Effect of different acids on O, uptake of growing 
cells (0-5 mg. initial dry wt./3-0 ml.); 0-15m-phosphate 
buffer, pH 8-0,+2% glucose +0-5 ml. nutrient broth/ 
3-0 ml.; gas phase, O,; ratio of acid: cells =0-05; con- 
centration of acid in medium =1-18 x 10-*m; A, control 
without acid; B, stearic; C, oleic; D, vaccenic; EZ, linoleic 
acid. 


Worden (1945) in their work on growth and lactic 
acid formation by Lactobacillus caset. 

The relative effect of different fatty acids. Figs. 2 
and 3, which demonstrate the effect of different 
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acids on the O, uptake of the micro-organisms at 
equal ratios of acid : cells, show that the magnitude 
of the initial inhibition increases in the following 
order: 

stearic < oleic < vaccenic < linoleic. 


Thus washed cells treated with linoleic acid, R=0-1, 
did not recover from the respiratory inhibition 
during an experiment of 6 hr. duration, while with 
oleic acid at the same ratio recovery set in after 
3hr., leading after 6 hr. to a 70% increase of the 


O, uptake (pl./mg. dry wt.); washed cells 


O, uptake (pl./0-5 mg. initial dry we.); growing cells 





Fig. 4. Effect of varying ratios of linoleic acid : cells (R) on 
O, uptake of growing cells (0-5 mg. initial dry wt./3-0 ml.) 
and of washed suspensions (2-0mg. dry wt./3-0 ml.); 
0:15M-phosphate buffer, pH 8-0,+2% glucose+0-5 ml. 
nutrient broth/3-0 ml.; gas phase, O,; growing cells, 
e——e; washed suspensions, e———e. 


oxidation rate above that of the control. The in- 
hibition of O, uptake of growing cells was always 
accompanied by an inhibition of growth, as in the 
case of vaccenic acid (Laser, 1951). When the cells 
recover from the respiratory inhibition, however, 
the rate of growth approaches or even exceeds the 
normal rate. 

Relative tolerance for linoleic acid of washed and 
growing cells. The question of the necessity of 
growth for the development of resistance is an im- 
portant one. The behaviour of washed and growing 
cells of the same batch was therefore examined on 
addition of two different concentrations of linoleic 
acid (R = 0-05 and 0-1) the higher of which inhibited 
the respiration of washed cells completely and with- 
out recovery (Fig. 4). It will be noted that growing 
cells are able to overcome the inhibition. The in- 
creased tolerance, however, conferred by the condi- 
tions of growth is small, only twofold, as at a ratio 
R=0-2 no recovery took place even with growing 
cells, the corresponding curve (not shown in Fig. 4) 
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being superimposable on that representing washed 
cells at R=0-1. 

Repeated addition of fatty acids. Growing B. 
subtilis, which have been treated with and have 
recovered from the initial inhibition by vaccenic 
acid, are resistant to a further addition of this acid 
(Laser, 1951). It was therefore determined whether 
this is also the case with other fatty acids and 
whether the developed resistance is specific for the 
acid with which the cells have been treated. Fig. 5 
shows the effect of a second addition of different 
amounts of linoleic acid on the respiration of washed 
cells, which are recovering from an initial inhibition 
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Fig. 5. Effect of second addition of linoleic acid on O, 
uptake of washed cell suspensions (2-0 mg./3-0 ml.) 
plotted as percentage of Qo, of control in absence of acid; 
0-15m-phosphate buffer, pH 8-0, +2% glucose; gas 
phase, O,. Initial ratio of acid : cells (R,) and concentra- 
tion of acid in the medium are shown on the heavy line 
(A-D), which indicates four initially identical vessels, to 
three of which (B, C, D) a second addition of acid (0-05, 0-1 
and 0-2 mg.) has been made at ¢=1-5 hr. (indicated by 
arrow), leading to R,=0-05 for B, 0-075 for C and 0-125 
for D. 


by linoleic acid (R= 0-025). It will be seen that the 
cells not only tolerate amounts of acid in excess of 
the initial concentration, but show an increase of O, 
uptake with increasing amounts of added acid. 
This cannot have been caused by the oxidation of 
the acid itself, because it was many times greater 
than could be accounted for by the oxidation of the 
added acid. This increased rate of metabolism may 
be likened to, or be one of the underlying reasons 
for, the increased growth rate of certain bacteria, 
e.g. Lb. casei, in presence of oleic acid, after recovery 
from the primary growth inhibition (Williams & 
Fieger, 1946). Fig. 6 illustrates the effect of a second 
addition of acid to growing cells. Here too the 
treated cells, during the process of recovery, have 
become resistant to approximately six times the 
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initial acid ratio, as expressed by the steady 
logarithmic increase of respiration, which is @ 
measure of the increase in cell population. In a 
number of experiments with oleic acid this has also 
been directly confirmed by density determinations. 
Similarly, treated recovered cells grew at a normal 
rate when transferred into a new medium in 
presence of fatty acid at a concentration several 
times higher than the initially inhibiting dose. 
Increasing the amount of acid by a second addition, 
however, did not produce an increase in the growth 
rate above that of the controls. This is probably due 
to the fact that, under the experimental conditions, 
growth proceeded at the maximal rate. 
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Fig. 6. Effect of second addition of linoleic acid on O, 
uptake of growing cells (0-5 mg. initial dry wt./3-0 ml.); 
0-15M-phosphate buffer, pH 8-0, +2 % glucose + 0-5 ml. 
nutrient broth/3-0 ml.; gas phase, O,. Initial ratio of acid 
to cells (R,) and concentration of acid in the medium are 
indicated on the heavy line (B—F). This represents five 
initially identical vessels, to four of which (C—F) a second 
addition of acid (0-025, 0-05, 0-1 and 0-2 mg.) has been 
made at t=1-5 hr. (indicated by arrow), leading to ap- 
proximate R,=0-066 for C, 0-1 for D, 0-166 for H and 
0-3 for F, on taking the increase in cell population at 
t=1-5 hr. into account. 


The question whether the resistance is specific for 
the acid with which the cells have initially been 
treated was examined by cross-reaction of growing 
cells with all the acids used in these experiments. The 
results were uniform and unambiguous: treatment 
with any one acid produced resistance against any 
of the other acids. Even cells treated with and 
recovered from the inhibition by a saturated acid 
(stearic acid) showed unaffected rates of O, uptake 
and growth on addition of linoleic acid. 

Development of resistance. In previous work 


(Laser, 1951) a second addition of acid to treated 
cells had been made at a later stage of the experi- 
ments, i.e. after complete recovery had taken place. 
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Enzyme adaptation by bacteria, however, is 
believed to occur fairly rapidly under suitable con- 
ditions. Thus Pollock (1950) has demonstrated that, 
after a brief treatment of bacteria with penicillin, an 
adaptive enzyme is produced within about 1 hr. In 
the experiments illustrated in Figs. 5 and 6 of this 
paper, a second addition of acid had therefore been 


* made at a time when the cells were only beginning to 


recover from the respiratory inhibition. It will be 
seen that at that time resistance had already 
developed. It was then determined whether under 
the conditions of these experiments, which differ 
from those maintained by Pollock, a relatively 
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Fig. 7. Effect of second addition of oleic acid, at different 
times of the experiment, on O, uptake of growing cells 
(0-5 mg. initial dry wt./3-0 ml.) ; 0-15m-phosphate buffer, 
pH 8-0,+2% glucose +0-5 ml. nutrient broth/3-0 ml.; 
gas phase, O,. Initial ratio of acid : cells (R,) and concen- 
tration of acid in the medium are indicated in the figures 
on the curves (for curve D, see text). The heavy line 
(B, C) represents two initially identical vessels. Second 
additions (0-05 mg.) were made to C and Z at ¢=1-5hr., 
to D at t=0, leading to R, (approximate R, for 
C and £) =0-0835 for C, 0-1 for D and 0-07 for EZ, on 
taking the increase of cell population at ¢=1-5 hr. into 
account. 


short contact of the bacteria with a fatty acid would 
also be sufficient to produce resistance. Accordingly, 
at t=0 a second addition of acid was made to cells, 
which had been in contact with acid for the time 
involved in setting up the manometer vessels, 
gassing with O, and establishing temperature 
equilibrium, which amounted to about 25-30 min. 
(Fig. 7). It will be seen that the second addition of 
acid at t= 0 decreased the O, uptake by about 50% 
(curve D, Fig. 7), compared with control cells 
(curves B, C, Fig. 7) and that recovery was delayed 
for about 30 min., i.e. resistance had not developed 
during the preliminary incubation period. On the 
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other hand, 90 min. contact of the cells with a small 
amount of acid (R=0-00625; 3-7 x 10-*m), which 
by itself did not produce respiratory inhibition 
(curve #, Fig. 7), caused the cells to become re- 
sistant. That very small concentrations of substrate, 
as, for example, 10-*m-nitrate or 8 x 10-*m-peni- 
cillin, produce marked adaptation in Escherichia 
coli and B. cereus respectively, has previously been 
reported by Wainwright (1950) and by Pollock 
(1950). Since in the present experiments resistance 
developed only after a lag period, it seems to depend 
on some metabolic activity of the cell during that 
period, which in these experiments, as in those of 
Pollock, lasted about 1 hr. 

Subculture of treated recovered cells. Treated cells 
have so far only been shown to be resistant to a 
second treatment with a fatty acid immediately 
after recovery from the first addition, i.e. without 
interposition of a period of growth in absence of acid. 
Experiments were therefore carried out to determine 
the effect of fatty acids after subculturing recovered 
cells in absence of fatty acid. In the present arrange- 
ment the shortest interval between the removal of 
the bacteria from the acid-containing medium and 
re-examination of subcultured cells was 40 hr. The 
following results were obtained: (1) cells which had 
developed resistance either as washed suspensions 
or in a nutrient medium had completely lost their 
resistance; (2) their O, uptake and growth on 
renewed exposure to any of the fatty acids were 
inhibited to the same extent and recovery took place 
at the same rate as that of untreated controls; 
(3) the process can be repeated many times, 
apparently indefinitely, without any alteration in 
the behaviour of the organisms. Whether the com- 
plete loss of resistance occurred immediately on 
subculturing in absence of acid or only gradually 
could not be decided from the present experiments. 


DISCUSSION 


The experiments dealing with the inhibition of 
growth and respiration of B. subtilis and the sub- 
sequent recovery after treatment with stearic, oleic 
and linoleic acids differ but little from previous 
experiments with vaccenic acid (Laser, 1951). The 
conclusion had then been drawn that the inhibition 
results from a temporary blocking by penetrated 
acid of the oxidative system inside the cell and that 
recovery is due to the ability of the cell to meta- 
bolize penetrated acid. It appeared unlikely that 
physico-chemical surface phenomena could account 
for the observed facts, especially the recovery from 
the inhibition and the subsequent resistance of 
treated cells. The results of the present work make 
this even more improbable because (1) a second 
addition of fatty acids still further increases the 
inhibition, if the acid is added before a certain 
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degree of recovery by the cells has been attained 
(curve D, Fig. 7); (2) resistance develops also in cells 
treated with a small dose of acid, which by itself 
does not cause respiratory inhibition ; (3) the addition 
of fatty acid to treated recovering cells stimulates 
the O, uptake of washed suspensions; (4) treated 
recovered cells respire and grow at an un- 
diminished rate if transferred into a new medium in 
presence of fatty acid; (5) the resistance of treated 
recovered cells is lost after the organisms have been 
subcultured in absence of added fatty acid. The 
joint significance of these facts, however, makes it 
reasonably certain that the phenomenon of resist- 
ance is due to the development of an adaptive 
enzyme. Whether the complete loss of resistance 
occurred immediately on subculturing in absence of 
acid or only gradually could not be decided by the 
present arrangement. However, as resistance had 
been completely lost, the rate of its loss has no 
significant bearing on the above conclusion. 

Since washed cell suspensions are able to develop 
resistance, they must be capable of doing so by 
rearrangement of their protein constituents. That 
such rearrangements do occur has been clearly 
demonstrated by Spiegelman & Dunn (1947-8) and 
Spiegelman & Reiner (1947-8) in their work on the 
interrelationship of enzymes in bacteria during 
adaptation, and by Chin (1950), who has described 
changes of the different components of cytochrome 
in washed, non-growing yeast cells following upon 
aeration. The increase in tolerance afforded by a 
nutrient medium, however, is small, only twofold if, 
as in these experiments, the substrate concentration 
is at the tolerance level for washed cells. It is there- 
fore considered likely that the development of 
resistance in washed cell suspensions and in 
growing cells, at least in these experiments, differs 
only in its quantitative aspect, i.e. growth by itself 
does not confer on the cell anew property. However, 
where the substrate is either indifferent, as, for 
example, galactose with Streptococcus lactis grown in 
presence of, and adapted to, glucose, or where it only 
partly inhibits growth, the process of multiplication 
can obviously greatly potentiate tolerance and/or 
enzyme formation. These views are in agreement 
with those expressed by Spiegelman & Dunn 
(1947-8) and Spiegelman & Reiner (1947-8), 
although in the past contradictory conclusions have 
been drawn by a number of workers (see Yudkin, 
1938). 

Evidence put forward in this paper, especially the 
coincidence of the period of inhibition of growth and 
respiration with the time lag before resistance 
develops, is believed to support the conclusion that 
the substrate, towards which the cell ultimately 
develops resistance, has first to be metabolized 
by the cell and that the acquired resistance is 
dependent on this metabolic process. 


SUMMARY 





1. Stearic, oleic, vaccenic and linoleic acids, 
within the range of concentrations used, produce an 
inhibition of respiration of washed suspensions of 
Bacillus subtilis and a concomitant inhibition of 
respiration and growth of growing cells. 

2. The inhibition is transient, its degree and 
duration being dependent on the ratio acid : cells. 

3. Washed suspensions and growing cells which 
have recovered from the inhibition are resistant to 
further additions of acid at concentrations higher 
than the initially inhibiting dose. 

4. Treatment with any one acid produces 
resistance against any of the other acids. 

5. A time lag ensues on treatment with a fatty 
acid before resistance develops. 
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6. Low concentrations of acid, which do not 
inhibit growth or oxygen uptake, nevertheless 
produce resistance. 

7. The tolerance of growing cells with subsequent 
development of resistance is slightly greater than 
that of washed suspensions. 

8. The resistance is lost on subculturing the cells 
in absence of fatty acid. 

9. The evidence suggests that the resistance of 
acid-treated cells is due to the development of an 
adaptive enzyme, which is formed subsequently to 
the incorporation into the cell and the metabolic 
degradation of the fatty acid. 


I am indebted to Dr I. D. Morton for supplying me with 
the synthetic vaccenic acid. 
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The Inhibition of Erythrocyte Cholinesterase 
by Tri-Esters of Phosphoric Acid 


1. DIETHYL p-NITROPHENYL PHOSPHATE (E600) AND ANALOGUES 


By W. N. ALDRIDGE anp A. N. DAVISON 
Medical Research Council Unit for Research in Toxicology, 
Serum Research Institute, Carshalton, Surrey 


(Received 30 July 1951) 


The ester diethyl p-nitrophenyl phosphate (E600) 
is a powerful and irreversible inhibitor of cholin- 
esterase. The kinetics of its reaction with cholin- 
esterase have been studied (Aldridge, 1950). 

The work to be reported here began as a study of 
the inhibitory powers of analogues of E600 con- 
taining different substituents in various positions 
on the phenyl ring. Comparisons of the activities of 
other groups of irreversible inhibitors of cholinester- 
ase have been reported. Mackworth & Webb (1948) 
compared the activity of dialkyl fluorophosphonates 
prepared by McCombie & Saunders (1946) against a 
purified preparation of horse-serum cholinesterase. 
Metcalf & Marsh (1949) compared the activity of 
substituted diethyl phenyl phosphates and thio- 
phosphates against bee-brain cholinesterase. In 


these reports a direct comparison was made between 


the concentrations of inhibitor that produced 50% 
inhibition of the cholinesterase preparation. 
Aldridge (1950) showed that the inhibition of 
erythrocyte cholinesterase by E600 followed first« 
order kinetics and was bimolecular. The bimolecular 
rate constants were considered to be a much better 
index of inhibitory power than the usual 50% 
inhibition concentrations. When these constants 
were determined for this series of compounds it was 
found that the kinetics of the inhibition were not 
like those obtained for E600. It was then realized 
that these differences could be accounted for by the 
presence of a very active, but unstable, inhibitor of 
cholinesterase. When this impurity was removed the 
compounds reacted with cholinesterase in the same 
way as E600. This aspect of the work seemed to be 
important, and the work carried out with one of 
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these compounds is given in detail. With our samples 
of inhibitors, therefore, the determination of the 
concentration necessary for 50% inhibition would 
have given misleading values for their activity. As 
will be pointed out, the possibility of the detection of 
this impurity rested on our choice of cholinesterase 
preparation and also on a detailed study of the 
kinetics of inhibition of the enzyme. 

A knowledge of the kinetics of inhibition of 
erythrocyte cholinesterase rests almost entirely on 
work using E600. It seemed desirable, therefore, to 
extend this work to other inhibitors of the same 
type, for Diggle & Gage (1951) have recently shown 
that diethyl p-nitrophenyl thiophosphate (E605), 
purified chromatographically, has an extremely low 
inhibitory action against cholinesterase. The high 
inhibitory power of the sample used by Aldridge 
(1950) must have been due to the impurities it con- 
tained. These were most probably the isomers, 
00-diethyl S-p-nitrophenyl thiolphosphate and 
OS-diethyl O-p-nitropheny] thiolphosphate. 

It was suggested (Aldridge, 1950) that the 
mechanism of inhibition of cholinesterase could 
be expressed by the equation: 
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by the method of Nachmansohn & Rothenberg (1945), as 
previously described in detail (Aldridge, 1950). With long 
incubations (2-6 hr.) it was sometimes found that the 
activity of the control fell appreciably. The addition of 
20 pg./ml. of KON to the buffer for all incubations longer 
than 1 hr. effectively prevents such loss of activity and does 
not alter the inhibition by E600 analogues. 

Rates of inhibition have always been determined in 
double-armed flasks, the red cells in the flask and the in- 
hibitor solution and acetylcholine in the side arms. At zero 
time, after gassing and temperature equilibration, the 
inhibitor is tipped into the centre compartment and the 
incubation finally terminated by tipping in the acetylcholine 
at the required time. 

During the course of this work it was found necessary to 
have some quantitative measure of reversible and irrevers- 
ible inhibition. This has been determined by the following 
washing technique: A red cell suspension of such a concen- 
tration of cholinesterase that 0-5 ml. will give an output of 
approximately 8yl. CO,/min. is incubated with the in- 
hibitor. At the end of the incubation, 5 ml. are pipetted into 
45 ml. of buffer in a centrifuge tube and 0-5 ml. directly into 
3-0 ml. buffer containing the acetylcholine in a Warburg 
flask (to determine the total inhibition). The diluted blood is 
centrifuged at 2500 rev./min. for 5 min., the supernatant 
removed and the cells washed a further four times with 
buffer. After the final washing, the cells are resuspended 


Eo .+. 4 = (El)? > (EZ)F + Products 
Enzyme Inhibitor Reversible enzyme Irreversibly 
inhibitor complex inhibited enzyme 


and that the inhibitor was hydrolysed during the in- 
hibitory process. There is evidence (Jansen, Nutting 
& Balls, 1949) that when chymotrypsin is inhibited 
by di-isopropyl fluorophosphonate (DFP), di-iso- 
propyl phosphate remains attached to the inactiv- 
ated enzyme and that one molecule of acid (presum- 
ably HF) is liberated during the inhibitory process. 
Hartley & Kilby (1950) have shown that one mole- 
cule of p-nitrophenol is liberated during the inhibi- 
tion of one molecule of chymotrypsin by E600. 
When horse-serum cholinesterase is inhibited by 
DFP containing **P phosphorus becomes firmly 
attached to the cholinesterase (Boursnell & Webb, 
1949), and Jandorf & McNamara (1950) have also 
shown that after a dose of DFP containing *?P to 
rabbits, the elimination of 32P from the red cells 
paralleled the reappearance of cholinesterase 
activity. When mammalian cholinesterase has been 
prepared in a pure state, a direct experiment to 
test the hypothesis that the inhibitor is hydrolysed 
during the inhibitory process may be carried out. 
At the present time indirect methods must be used, 
and for this reason it was of interest to compare the 
stability of hydrolysis at physiological pH and 
temperature of this series of inhibitors with their 
inhibitory power. The results confirm the hypothesis 
stated above. 


METHODS 


Erythrocytes from defibrinated sheep blood have been used 
as a source of cholinesterase. Activity has been determined 


and diluted to 5 ml. and a sample taken for determination of 
cholinesterase activity (irreversible inhibition). With cells of 
low activity larger amounts of blood (up to 3-0 ml.) may be 
taken, thus increasing the sensitivity six times. Buffer 
containing 20 ug./ml. of KCN was used for all the washing 
procedures. Control blood samples with no inhibitor added 
were always carried through the whole procedure. Stock 
solutions of all the inhibitors have been prepared in absolute 
ethanol and dilutions made from them for the experi- 
ments. 

The following inhibitors, derived from diethyl phos- 
phoric acid, were used: diethyl phenyl phosphate, diethyl 
p- and o-chlorophenyl phosphate, diethyl p-nitrophenyl 
phosphate (E600), diethyl o- and m-nitrophenyl phosphate 
and tetraethyl pyrophosphate (TEPP). (Hditorial note. The 
names ‘diethyl o- and p-chlorophenyl phosphate’ are used in 
this paper for the sake of consistency with other diethyl 
phenyl phosphates, although they are contrary to the 
alphabetical order for prefixes now customary in the 
Biochemical Journal; cf. J. chem. Soc. (1950), p. 3699.) 

Rates of hydrolysis of the inhibitors in phosphate buffer, 
pH 7-6, at 37° were determined using the following standard 
procedure: A weighed amount of ester (approx. 500 mg.) 
was dissolved in 10 ml. ethanol. At zero time 5 ml. were 
pipetted into 495 ml. of Sorensen’s phosphate buffer (pH 7-6) 
previously warmed to 37°. As preservatives during the 
hydrolysis of the o- and p-nitrophenyl esters, the buffer 
contained 0-02 % (w/v) thymol while for the rest of the sub- 
stituted phenyl esters 0-10% (w/v) merthiolate was used. 
Samples were withdrawn at various times and the corre- 
sponding phenols estimated. o- and p-Nitrophenol were 
determined directly by their yellow colour at pH 7-6. 
Phenol, o- and p-chlorophenol and m-nitrophenol were 
determined by the method of Gottlieb & Marsh (1946). 
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The rate of hydrolysis of TEPP was determined mano- 
metrically in NaHCO, buffer. The volume of CO, evolved 
after complete hydrolysis amounted to 1-94 mol. CO,/mol. 
TEPP. 


RESULTS 


Washing technique for the determination of irre- 
versible inhibition. As has been shown previously 
(Aldridge, 1950) intact red cells are a very con- 
venient source of cholinesterase. Inhibitors may be 
added, allowed to react and then removed by the 
simple process of washing the cells with buffered 
saline. The results given in Table 1 show that the 
cholinesterase activity of normal sheep red cells is 
not appreciably affected by a prolonged washing 
equivalent to a dilution of 1018 times. If the cholin- 
esterase activity of these cells is inhibited by treat- 
ment with E600, a similar washing process reacti- 
vates the enzyme by less than 5%. When red cells 
are inhibited by eserine, more than 50% of the 
inhibition is reversed after only one washing (a 
dilution of 10 times). Our standard procedure for 
the determination of irreversible inhibition has 
been to wash five times which is equivalent to 
diluting 10°—10 times. 


Table 1. Washing of sheep red cells before 
and after treatment with E 600 


(Washed sheep red cells incubated with 6-5 x10-’m 
E600 for 30 min. Each washing is equivalent to a dilution 


of 10 times.) 
Activity (ul. CO,/min.) 
OT 


No. of Without With 
washings E600 E600 
0 9-6 0-7 
5 9-4 0-9 
18 8-9 1-0 


Enzymic hydrolysis of inhibitors. In a preliminary 
note (Aldridge, 1951) it has been shown that there 
are enzymes in mammalian tissues which can hydro- 
lyse E600 and it is, therefore, important to be sure 
that the cholinesterase preparation used (which is 
necessarily impure) is free from enzymes which will 
hydrolyse the inhibitor. This has been checked using 
E600, the most unstable to hydrolysis of the sub- 


stituted diethyl phenyl phosphates we have used. 


Sheep red cells at a concentration which possessed 
a cholinesterase activity of 7—10yl. CO,/min. 
produced a negligible output of CO, (< 0-3 yl./min.) 
when E600 was used as a substrate at a concentra- 
tion of 2 mg./ml. This means that this preparation 
is, from a practical point of view, free from any 
enzyme which will hydrolyse the substituted phenyl 
inhibitors used in this work. However, red cells 
catalyse the hydrolysis of TEPP appreciably. When 
red cells similar to the preparation used above are 
incubated with TEPP at concentration of about 
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4mg./ml., 4 ul. CO,/min. are evolved. (This figure has 
been corrected for the aqueous hydrolysis of TEPP.) 
As will be explained later inhibition of red-cell 
cholinesterase by TEPP does not give the kinetics of 
the other inhibitors and this is due to the destruction 
of TEPP by the enzyme preparation.used. This fact 
has been of great value in the detection of the 
impurities in our inhibitors. 

Inhibition of cholinesterase by diethyl p-chloro- 
phenyl phosphate. The rate of reaction of the 
diethyl p-chlorophenyl phosphate has been deter- 
mined using double-armed flasks so that the in- 
hibitor may be added to the enzyme after tempera- 
ture equilibration and the reaction stopped later 
by the addition of acetylcholine from the other side 
arm. In Fig. 1 are shown the results we obtained. 
With E600 first-order kinetics are obtained at each 
concentration of inhibitor, whereas in this case there 
is a very rapid, followed by a slow, progressive 
inhibition. 


Log percentage activity 





120 


0 30 60 90 


Time (min.) 
Fig. 1. Rate of inhibition of cholinesterase by unpurified 


diethyl p-chlorophenyl phosphate. Concentration of 
inhibitor shown against each curve. 


These results were similar to those previously 
determined with diethyl 8-quinolyl thiophosphate 
(Aldridge, 1950) when it was shown that the initial 
rapid inhibition was reversible and could be re- 
moved by washing. A determination of irreversible 
inhibition was, therefore, carried out using the 
technique described earlier in this paper. As will be 
seen, in Table 2, none of this initial rapid inhibition 
is reversible by washing. 

Since such closely related compounds as diethyl 
p-nitrophenyl and p-chlorophenyl phosphates 
produce such dissimilar results when the rate of their 
reaction with cholinesterase is examined it seemed 
probable that impurities were responsible. We 
should expect the typé of kinetics obtained if the 
rapid irreversible inhibition were produced by @ 
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Table 2. Washing of red cells after inhibition 
with diethyl p-chlorophenyl phosphate 


(Cells inhibited for 15 min. at 37°. 
equivalent to a dilution of 10 times.) 


Each washing is 


Activity 
(ul. CO,/min.) 
ca OF 
_ No Five 
washes washes 
Cells (no inhibitor) 8-5 8-7 
Cells + 1-9 x 10-4m-inhibitor 0-24 0-24 
Cells (no inhibitor) 7-6 78 
Cells + 2-4 x 10-5 m-inhibitor 0-8 0-9 


highly active but unstable inhibitor. The highly 
active inhibitor reacts rapidly with cholinesterase, 
but is being destroyed so rapidly itself that after 
about 20-30 min., virtually all of it has been re- 
moved. The final slow inhibition would then be due 
to the diethyl p-chloropheny]l phosphate itself. Two 
observations convinced us that this was probably 
true. When a chloroform solution of diethyl p- 
chlorophenyl phosphate was shaken with weak 
caustic soda solution, then with water, dried and the 
chloroform evaporated, its inhibitory power was 
considerably reduced. Secondly, a solution of the 
diethyl p-chlorophenyl phosphate which had been 
incubated at pH 7-6 at 37° for 864 hr., but had only 
undergone 8% hydrolysis, had a low inhibitory 
power and when examined for its rate of reaction 
with cholinesterase gave straightforward kinetics 
for each concentration tried (Fig. 2). 
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Time (min.) 
Fig. 2. Rate of inhibition of cholinesterase by purified 


diethyl p-chlorophenyl phosphate. Concentration of 
inhibitor shown against each curve. 


It could be argued that some other change has 
occurred during its incubation in buffer. In order 
to check this point, the distribution coefficient of the 
parent compound between liquid paraffin and water 


Biochem. 1952, 51 


INHIBITION OF ERYTHROCYTE CHOLINESTERASE 65 


has been compared with that of the solution of 
inhibitor after 864 hr. in buffer at pH 7-6 and at 
37°. Chloroform, toluene, ether and n-amyl alcohol 
were of little value since the compound was too 
soluble in them. The results in Table 3 show that the 
compound in the buffer has the same distribution 
between liquid paraffin and water as the original 
compound. If an ethyl group had been removed 
during the incubation in buffer a di-substituted 
phosphoric acid would result which would be much 
more soluble in water. It is clear, therefore, that our 
sample of inhibitor contains an active inhibitor 
which is more readily hydrolysed in buffer than is 
the diethyl p-chloropheny1 phosphate. 


Table 3. Distribution coefficient of diethyl p-chloro- 
phenyl phosphate between liquid paraffin and water 


(Concentration of diethyl p-chlorophenyl phosphate 
determined after hydrolysis in NaOH as p-chlorophenol 
using the method of Gottlieb & Marsh (1946). Free p- 
chlorophenol was determined before hydrolysis with 
NaOH. The solution of inhibitor in phosphate buffer was 
shaken with an equal volume of liquid paraffin and the con- 
centration of free and bound p-chlorophenol repeated on 


the aqueous layer.) 
Distribution coefficient 


(room temp.) 


Compound liquid paraffin/buffer 
p-Chlorophenol 1-6 
Fresh diethyl p-chlorophenyl 6-6 
phosphate 
6-9 


Diethyl p-chlorophenyl phosphate 
after incubation for 864 hr. at 
pH 7-6 and 37° 


An examination was made of the speed with 
which this active inhibitor was hydrolysed in water. 
A solution of the original compound was prepared in 
the bicarbonate buffer used for the cholinesterase 
estimations. Samples were withdrawn after 0, 18 
and 40 hr. at room temperature and the determina- 
tion of rate of reaction repeated. In Fig. 3 the results 
are plotted, and it will be seen that the amount 
of the rapid initial inhibition decreases rapidly 
according to the time the inhibitor has been in 
buffer, until after 40 hr. there is no rapid initial 
inhibition and the kinetics are first order over the 
whole experiment. During this period the hydrolysis 
of the diethyl p-chloropheny] phosphate is negligible. 

Our sample of diethyl p-chlorophenyl phosphate, 
therefore, contains an active inhibitor which is 
sufficiently unstable to be completely hydrolysed 
after 3 days in bicarbonate buffer at room tempera- 
ture. However, an examination of Fig. 3 shows 
that this inhibitor must be removed in 20-30 min. in 
the presence of sheep red cells. TEPP is an inhibitor 
which is hydrolysed readily in water, and it has been 
shown earlier in this paper that the hydrolysis of 
TEPP is catalysed by sheep red cells and the fact 
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that the diethyl p-chlorophenyl phosphate is a 
derivative of diethyl phosphoric acid (half of the 
TEPP molecule) also suggests that TEPP may be 
the impurity. We have, therefore, added TEPP to 
a solution of the diethyl p-chlorophenyl phosphate 
which has been incubated in buffer at room tempera- 
ture for several days and have repeated the de- 
termination of rate of reaction with cholinesterase. 
The results given graphically in Fig. 4 show that 
these results are similar to those in Fig. 3. Further, 
if the rate of inhibition of red-cell cholinesterase by 
TEPP alone is examined, it is found that there is no 
further inhibition after 30 min. (Fig. 5). It can be 
argued that this is due to an equilibrium reaction 
similar to that found with the reversible inhibitor 
eserine. However, if TEPP is incubated with sheep 





Log percentage activity 
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150 


100 
Time (min.) 


0 50 


Fig. 3. Rate of inhibition of cholinesterase by 9 x 10-6m- 
diethyl p-chlorophenyl phosphate after leaving in buffer 
solution at room temperature. Time in buffer shown 
against each curve. 


red cells for 30 min., the cells centrifuged and the 
supernatant added to fresh red cells, the cholin- 
esterase activity of these red cells is not inhibited; 
therefore, there is no TEPP remaining in solution 
and this is presumably due to its enzymic hydrolysis. 

It is proved, therefore, that our sample of diethyl 
p-chlorophenyl phosphate contains as an impurity 
an active cholinesterase inhibitor which is com- 
pletely inactivated within 3 days at room tempera- 
ture in bicarbonate buffer and which is inacti- 
vated by sheep red cells at low concentrations in 
20-30 min.; this substance is in all probability 
TEPP, since the addition of TEPP to diethyl p- 
chlorophenyl phosphate from which the active 
inhibitor has been removed by preferential hydro- 
lysis, gives, on examination, the same kinetic 
picture as the original diethyl p-chlorophenyl 
phosphate. It has been shown that the inhibitor is 
reduced to a very low level by 40 hr. Ifit is assumed 
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that the inactivation is kinetically of the first order 
and that it is reduced to 2 % of its original value, we 
obtain a first-order constant of 1-6 x 10-* (min.-), 
A measured rate of hydrolysis of TEPP at room 
temperature under similar conditions gave a 
value of 1-14 x 10-3 (min.—"). It is, therefore, very 
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Fig. 4. Rate of inhibition of cholinesterase by 2-7 x 10-®m- 
TEPP plus 3-97 x 10-5m-purified diethyl p-chlorophenyl 
phosphate, at zero time and after 23 hr. in bicarbonate 
buffer at room temperature. 
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Fig. 5. Rate of inhibition of cholinesterase by TEPP. 
Concentration of inhibitor shown against each curve. 


probable that the impurity present is TEPP and 
the amount of impurity will be expressed as TEPP 
(cf. Table 6). 

The determination of concentration of TEPP in 
inhibitors. Aldridge (1950) has shown that the 
inhibition of red-cell cholinesterase by E 600 shows 
first-order kinetics and is bimolecular, i.e. 

1*, 100 
K= 7 In >” (1) 
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where K=bimolecular rate constant, t=time in 
min., J=molar inhibitor concentration and b= per- 
centage residual activity. If the time is maintained 
constant at 30 min. a plot of log b against I, the 
inhibitor concentration, should give a straight line. 
This graphical method can be conveniently used for 
the determination of the concentration of an in- 
hibitor from its inhibitory power against cholin- 
esterase. TEPP has been shown to be destroyed 
during the incubation with red cells. If it is assumed 
that the kinetics of the inhibition of cholinesterase 
by TEPP are similar to those obtained for E 600 and 
that the kinetics of the hydrolysis of TEPP during 
the incubation period are also first order (cf. Van 
Slyke, 1942, for a discussion of enzyme kinetics at 
low substrate concentrations), then a plot of log % 
residual activity against inhibitor concentration 
should give a straight line. This is found to be so 
(Fig. 6). 
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Fig. 6. Inhibition of sheep red cells by TEPP incubated 
for 30 min. at 37°. 


The amount of inhibition due to TEPP in our 
diethyl p-chlorophenyl phosphate may be readily 
determined by extrapolating the straight line 
portion of the curves (after 30 min.) back to the 
ordinate. The amount below the origin will give a 
measure of the inhibition due to TEPP. This has 
been checked using the results obtained with our 
synthetic mixture of TEPP and purified diethyl 
p-chloropheny1! phosphate (Fig. 4). At zero time an 
extrapolation in this way shows that the line crosses 
the ordinate at 1-59 which from Fig. 6 is equivalent 
to 3-0x10-8m-TEPP; the amount added was 
2:7 x 10-8m. This method has been used to obtain an 
estimate of the amount of TEPP present in our 
inhibitors. Our main purpose has been to show that 
the amounts present are too small to be detected by 
analysis of the original inhibitor and could only be 
determined by a biochemical method. 
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Calculation of bimolecular rate constants. If an 
inhibitor reacts bimolecularly with an enzyme, 
equation (1) shows that with the concentration of 
inhibitor (I) constant, a straight line will be ob- 
tained when log % residual activity is plotted 
against time, i.e. the system will show first-order 
kinetics. If the inhibitor concentration (J) is varied 
then log % residual activity as ordinates plotted 
against the product of time and concentration (¢/) as 
abscissae will give a straight line crossing the ordi- 
nate at 2-0 (100% activity). For all of the com- 
pounds (except TEPP) examined the point where 
the line cuts the ordinate has been determined and 
shown to be 2-0 within experimental error. This is 
illustrated by Figs. 2 and 7 using our results on 
diethyl p-chloropheny] phosphate. 

Examination of other inhibitors. Each inhibitor 
has been examined by the technique previously 
described for diethyl p-chlorophenyl phosphate 
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Fig. 7. Graph of all results for cholinesterase inhibition by 
purified diethyl p-chlorophenyl phosphate. Bimolecular 
rate constant derived from slope of line is 1-1 x 10? 
(min.—! 1. mol.-*). 


(Fig. 3). Except for E600 the presence of a similar 
active and unstable inhibitor has been shown. It 
has been assumed that this is TEPP. The concen- 
trations for 50% inhibition (after 30 min. incuba- 
tion at 37°) for the original compound, and after it 
has been purified (by preferential hydrolysis), are 
calculated as previously described and are given in 
Table 4. 

The amount of impurity (expressed as TEPP) 
present in all (except phenyl (2)) of these samples of 
inhibitor is below 0-7 %; this concentration would 
be undetectable by the methods of analysis. 

The inhibition of cholinesterase by all of the 
purified inhibitors given in Table 4 has been shown 
to give first-order kinetics and to be bimolecular by 
the methods previously illustrated using diethyl 
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p-chlorophenyl phosphate. Using these data, the 
bimolecular rate constants have been calculated and 
are given in Table 5. The value given for TEPP is 
one corrected for hydrolysis of TEPP during the 
experiment on the assumption that this hydrolysis 
will be first order and that the TEPP concentration 
is reduced to 95% of its original value in 30 min. 
Also included in Table 5 are the first-order constants 
for aqueous hydrolysis at pH 7-6 and 37° in phos- 
phate buffer. 


Table 4. Concentrations for 50% inhibition by 
unpurified and purified inhibitors and the con- 
centration of TEPP present as impurity 


(Samples purified by preferential hydrolysis of impurity 
for 3-4 days at room temperature in bicarbonate buffer. 
Concentrations of TEPP calculated as given in the text.) 


Conen. for 50% inhibition 





(mM) Impurity 
—"_ — (TEPP) 
Inhibitor Unpurified Purified (%) 
p-Chloro- 5-75 x 10-* 2-10 x 10-4 0-68 
o-Chloro- 2-24 x 10-5 1-1 xI0-* 0-053 
p-Nitro-(E 600) 20 x10-* 2-01 x 10-8 _- 
o-Nitro- 4-58 x 10-7 1-48 x 10-* 0-33 
m-Nitro- 1-2 x10 3-0 x10-* 0-55 
Phenyl (1) 1-35 x 10-4 3-77 x 10-3 0-025 
Phenyl (2) 2-35x10-7 3-77 x 10-3 5-4 


The results in Table 5 indicate that the more 
stable the inhibitor the slower is its inhibitory 
action upon cholinesterase. These results have been 
plotted in Fig. 8 where the relation between stability 
of an inhibitor in buffer at physiological pH and 
temperature and its inhibitory power is shown. 

TEPP and E600 appear to be exceptional. This 
might be expected with TEPP, since it has a different 
chemical structure to the rest of the inhibitors. 
However, E600 appears to have a far higher in- 
hibitory power than would be expected from its 
rate of hydrolysis. E600 and diethyl o-nitrophenyl 
phosphate have roughly the same stability at 
pH 7-6 and 37°, but E600 is 70 times more efficient 
as an inhibitor. There is no point in speculating 
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why this might be so until more inhibitors of this 
type with rate constants higher than 10* (l.mol.- 
min.~') have been examined. It is of interest that 
Metcalf & Marsh (1949), in work on bee-brain 
cholinesterase, found E600 to be an outstanding 
inhibitor in a large series of compounds. 


8 





Log bimolecular rate constant (ChE/inhibition) 


Negative log of hydrolysis constant 


Fig. 8. Relationship between rate of hydrolysis in buffer at 
pH 7-6 and 37° and the bimolecular rate constant for the 
reaction of cholinesterase (ChE) with inhibitor. Com- 
pounds numbered as in Table 5. 


DISCUSSION 


The work described above began with an attempt to 
compare the-rate of hydrolysis at pH 7-6 and 37° 
and the rate of reaction with cholinesterase of 
analogues of E600. During the initial experiments 
it was found that the reaction of all these analogues 
with cholinesterase had peculiar kinetics quite un- 
like E600. A further examination led to the idea 
that an unstable active inhibitor was present as an 
impurity. This view had been substantiated. The 
impurity appeared to be the same in all of our com- 
pounds (based on rate of destruction in bicarbonate 
buffer) and therefore it is unlikely that it could have 


Table 5. Constants for rate of reaction of inhibitors with cholinesterase and for their hydrolysis in buffer 


(Since most of the compounds are very stable, the long time required for their complete hydrolysis made necessary the 
calculation of the non-enzymic hydrolysis constants from data involving incomplete hydrolyses. The proportion of the com- 
pound hydrolysed for the period during which the determinations were made is given in brackets. ChE =cholinesterase. 


Numbers of compounds refer to points in Fig. 8.) 


Rate of reaction of 
inhibitor with ChE 
K (min. |.mol.-) 


Zz 
° 


Inhibitor 


p-Chloro- 
o-Chloro- 
p-Nitro-(E 600) 
o-Nitro- 
m-Nitro- 
Phenyl 

TEPP 


SIH Oe Oboe 


Rate of hydrolysis of 

inhibitor in phosphate 

buffer, pH 7-6, at 37° 
K (min.—) 


1-1 x 102 7-2 x 10-7 (4.2%) 
2-1 x 10? 2-3 x 10-8 (79%) 
1-1 x 10° 3-9 x 10-5 (65%) 
1-6 x 104 5-6 x 10-5 (78%) 
7-7 x 108 1-4 x 10-5 (45%) 


6-1 1-6 x 10-7 (2:9%) 
3-3 x 10° 6-0 x 10-3 (100%) 
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been an impurity common to all the substituted 
phenols used in the synthesis of the compounds. All 
the analogues are derivatives of diethyl phosphoric 
acid and this suggested that tetraethyl pyrophos- 
phate might be the impurity. The following evidence 
confirms this view: (1) reasonable agreement 
between the rate of hydrolysis of TEPP and the rate 
of disappearance of impurity in bicarbonate buffer; 
(2) sheep red cells remove TEPP in the same time 
(25-30 min.) as that taken to remove the impurity ; 
and (3) a model system in which TEPP was added 
to the purified diethyl p-chlorophenyl phosphate 
produced the same kinetic picture as that of the 
unpurified inhibitor. 

After purification by leaving a solution of the 
compound in bicarbonate buffer at room tempera- 
ture for 2-3 days, the kinetics of the rate of reaction 
of these inhibitors with cholinesterase was re- 
examined. They all now followed first-order 
kinetics at any given inhibitor concentration and by 
the usual tests the reactions were bimolecular. The 
bimolecular rate constants for these reactions have 
been determined and have been shown in general to 
run parallel to the rate of hydrolysis of the inhibitors 
in water. The more unstable the compound, the 
more active it is as an inhibitor. This is evidence 
in favour of the view that hydrolysis is a part of 
the inhibitory process. The mechanism originally 
suggested (Aldridge, 1950), 


E + I = 
Enzyme Inhibitor 


is the same as that ot the Michaelis-Menten equation 
for the enzyme-substrate system, 


E+S=ES—>E+ Products. 


The two processes of inhibition and hydrolysis of 
substrate are probably analogous. The enzyme may 
form a complex with the inhibitor, activate it and 
the inhibitor is then hydrolysed. In the case of the 
inhibitor the active centre is blocked by the re- 
tention of one of the products of hydrolysis. The 
final proof of this hypothesis could only come with a 
sufficiently pure and concentrated preparation of 
cholinesterase, so that the products of this reaction 
could be prodaced in quantities great enough to be 
determined chemically. 

Intact red cells have been used and therefore the 
cholinesterase is not in solution and the system is 
obviously a heterogeneous one. This reaction of 
inhibitor and enzyme differs from most other surface 
reactions in the important respect that the active 
surface is itself being inactivated. It is probable 
that the concentration of even the most powerful 
inhibitor (10-*°m E600) is considerably in excess of 
the concentration of enzyme considered in terms of 


(EI)* 
Reversible enzyme 
inhibitor complex 
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its active centres. On this assumption, therefore, 
the concentration of inhibitor will be sensibly 
constant throughout the reaction, and first-order 
kinetics can be expected. The frequency of a fruitful 
collision of inhibitor and active centre (i.e. a collision 
which leads to irreversible inhibition of the active 
centre) will be dependent upon the number of 
available active centres, and since these will be 
continuously depleted by the reaction itself, an 
exponential reaction rate will result. 

Finally, a consideration of the conditions which 
enabled us to detect the impurity in our compounds 
will illustrate some of the possible sources of error to 
be considered when a value for the inhibitory power 
of these compounds is determined. The detection of 
the impurity depended on its instability and hydro- 
lysis by enzymes present in our preparation of 
cholinesterase. In fact, if we had been able to use a 
pure preparation of cholinesterase we should have 
obtained the expected kinetics. These would have 
been attributed to the particular inhibitor being 
examined, though in fact they were really those of 
the active impurity. Since they have activities of 
the same order TEPP cannot be detected in E600. 
Only high concentrations of TEPP would have 
altered the kinetics obtained with E600 and this 
could have been detected by the normal methods of 
chemical analysis. A stable inhibitor present as an 
impurity could not be detected. For instance we 


-> (Ey + Products 


Irreversibly 
inhibited enzyme 


could not trace by these methods E 600 in the diethyl 
o- and p-nitrophenyl phosphates. This possibility 
can be minimized by using substituted phenols of 
high purity in the preparation of the inhibitors. 
These results suggest the need for care in com- 
paring the activity of inhibitors when concentra- 
tions of impurities undetectable by ordinary 
chemical means may produce large changes in a 
biochemical system. The value of a complete study 
of the kinetics of the reaction between enzymes and 
inhibitors is illustrated. 


SUMMARY 


1. Kinetics of inhibition of sheep red-cell 
cholinesterase by six substituted diethyl phenyl 
phosphate inhibitors have been examined and 
shown to be first order and bimolecular. 

2. All the inhibitors examined contained as an 
impurity a small amount of an active and unstable 
inhibitor of cholinesterase. This is in all probability 
tetraethyl pyrophosphate. A simple method of 
purification is given and the methods used to detect 
and determine tetraethyl pyrophosphate are given 
in detail. 
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3. A relation between the stability of the in- 
hibitors to aqueous hydrolysis at physiological pH 
and temperature and their power as inhibitors of 
cholinesterase has been found. The more stable the 
inhibitor, the lower its inhibitory power. 

4. The mechanism of inhibition of cholinesterase 
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by these compounds is discussed in relation to the 
above facts. 


Our thanks are due to Mr B. Topley, Messrs Albright and 
Wilson Ltd., for providing us with the samples of all the 
inhibitors used in this work, and to Miss J. I. Wheatley for 
valuable technical assistance. 
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The Metabolism of Aminophenols, o-Formamidophenol, Benzoxazole, 
2-Methyl- and 2-Phenyl-benzoxazoles and Benzoxazolone in the Rabbit 


By H. G. BRAY, R. C. CLOWES anp W. V. THORPE 
Department of Physiology, Medical School, University of Birmingham 


(Received 28 August 1951) 


In this investigation some aspects of the metabolism 
of o-, m- and p-aminophenols, o-formamidophenol 
(II), benzoxazole (III), 2-methylbenzoxazole (IV), 
2-phenylbenzoxazole (V), and benzoxazolone (VI) 
have been examined. The compounds (II) to (VI) 


GH 
NH, 


(I) (II) 


OH 
NH.COH 


benzoxazolone, which Gressly & Nencki (1890, 
1891) showed to be hydroxylated in the dog. 

In this study we have attempted to draw up 
balance sheets for these compounds and to isolate 
their principal metabolites. Minor metabolites 


Pe 
A 


(III) 


0. O O 
ry» OO OW 

> ca. C C=0 
OL) x7 x’ 


(IV) 


can be regarded as derivatives of o-aminophenol 
(1), which might be formed from them on hydrolysis. 
These compounds may, therefore, be considered as 
having potential centres for conjugation (see Bray, 
Ryman & Thorpe, 1948; Thorpe, 1950). Williams 
(1938, 1943) and Smith & Williams (1949) found 
that the rabbit excretes the aminophenols mainly as 
O-conjugates, i.e. ethereal sulphates and glucuro- 
nides. The only other compound of this group which 
appears to have been investigated previously is 


(V) 


(VI) 


were detected by means of paper chromatography. 
The results obtained show the influence of sub- 
stituents upon the stability of the oxazole ring. 


EXPERIMENTAL 


Materials. The aminophenols were purchased (British 
Drug Houses Ltd. and Light and Co.). o-Formamidophenol 
was prepared by the action of acetic and formic acids on 
o-aminophenol (Béhal, 1900), benzoxazole and its 2-methyl 
and 2-phenyl derivatives by dry distillation of o-amino- 
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phenol with formamide, acetamide and benzamide re- 
spectively (cf. Bamberger, 1903), benzoxazolone by the 
method of McDonald & Chechak (1948), o-hydroxyphenyl- 
urea by the method of Menschutkin (1870) and o-amino- 
phenyl sulphate by the method of Burkhardt & Wood (1929). 
2:4-Dihydroxybenzamide (m.p. 227-228°) was prepared 
from 2:4-dihydroxybenzoic acid (British Drug Houses Ltd.) 
by heating the methyl ester with NH, in a sealed tube. 

Diet and dosage. The rabbits used (does of 2-3 kg. weight) 
were maintained throughout the investigation on the diet of 
rabbit pellets and water customary in this laboratory (Bray, 
Ryman & Thorpe, 1947). The compounds studied were 
administered by stomach tube as suspensions or emulsionsin 
water in doses of 1 g. Somerabbits exhibited a mild paralysis 
of short duration after receiving o- and p-aminophenol and 
benzoxazolone. Administration of benzoxazolone was often 
followed by the excretion of amounts of reducing material 
far in excess of that which could be formed as metabolites of 
the compounds given. This was also observed, but less 
frequently, after giving o-aminophenol. Similar excretion of 
reducing material has been observed with other compounds 
(see Bray, Hybs & Thorpe, 1951). No toxic symptoms were 
observed with the other compounds administered. 

Methods. None of the compounds studied had any specific 
property suitable for quantitative estimation of the indi- 
vidual compound. Ethereal sulphate was determined by the 
method of Folin (1905-6), glucuronic acid by a modification 
of that of Hanson, Mills & Williams (1944), ether glucuronide 
by the reducing value method (Bray, Neale & Thorpe, 1946; 
Bray, Lake, Neale, Thorpe & Wood, 1948), ether-soluble acid 
as described by Bray, Thorpe & Wood (1951) but using 
bromothymol blue as indicator, diazotizable compounds by 
the method of Bratton & Marshall (1939), amino compounds 
by the Ehrlich reaction (Venkataraman, Venkataraman & 
Lewis, 1948; Bray, Thorpe & Wood, 1951), phenols by the 
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Folin & Ciocalteu reaction (Bray, Thorpe & White, 19505), 
and mercapturic acids by a modification of the method of 
Stekol (1936). The Hilger Spekker photo-absorptiometer 
was used for colorimetric estimations. 

Urine extracts were examined by paper chromatography 
as described by Bray, Thorpe & White (1950a). The solvent 
mixtures and the #, values of the reference compounds 
used are given in Table 1. 

Calculation of results. The chief compounds which might 
be expected to be present in urine after administration of 
o-,m- or p-aminophenol are: the unchanged aminophenol, A ; 
the acetamidophenol, B; the aminophenylsulphate, C; 
the acetamidophenylsulphate, D; the aminophenylglucu- 
tonide, HZ, and the acetamidophenylglucuronide, F. The 
free aminophenols give no appreciable colour when diazo- 
tized and coupled under the Bratton & Marshall (1939) 
conditions, but they can be estimated by the modified 
Ehrlich method. o-Aminophenylsulphate, while stable in 
N-HCl in the cold, is decomposed giving sulphate ions on 
addition of the nitrite for diazotization and gives no colour 
with the Bratton & Marshall reagent. p-Aminophenyl 
sulphate is more stable and can be diazotized and coupled 
without losing sulphate (Burkhardt & Wood, 1929). Heating 
the urine in a boiling-water bath with HCl (0-2 vol. 2N) for 
30 min. (mild hydrolysis) was found to effect the hydrolysis 
of the acetamido and sulphate groups, but was not sufficient 
to liberate glucuronic acid (i.e. these were the conditions 
which gave maximum diazo values). Hydrolysis of glucu- 
ronide was only achieved by heating in a boiling-water 
bath with HCl (0-33 vol. 10) for 90 min. (complete hydro- 
lysis of conjugates). By carrying out determinations upon 
the urine as collected, and after mild or complete hydrolysis 
the following data were obtained from which the amounts of 
the compounds A-F present could be calculated. Diazo 
determination on urine as collected, EZ or C + E (according 


Table 1. Paper chromatography of various phenolic compounds 


(Whatman no. 4 paper. Solvent mixture: A, n-butanol, 40; pyridine, 20; saturated aqueous NaCl, 25; ammonia, sp.gr. 
0-880, 15 (all % v/v); B, benzene saturated with formic acid (98-99 %); C, benzene, 40; glacial acetic acid, 40; water, 20; 


/ 


D, chloroform, 40; glacial acetic acid, 40; water, 20. Time 4 hr., except for mixture B, 16 hr.) 


Compound 


o-Aminophenolt 
m-Aminophenol} 
p-Aminophenolt 
o-Formamidophenol 
o-Acetamidophenol 
o-Benzamidophenol 


m-Acetamidophenol 
p-Acetamidophenol 


m-Hydroxybenzoic acid 
p-Hydroxybenzoic acid 
p-Hydroxyphenylacetic acid 
o-Hydroxyphenylurea 


Hydroxybenzoxazolonet 
2-(3-Hydroxyphenyl)-benzoxazole{ 


Unidentified compound from 2-methylbenzoxazole urine 


Chloro-2:4-dihydroxybenzamide 


Colour given by 


Ry, value in solvent mixture 
diazotized 


= et of Fea 

A B Cc D p-nitraniline* 
0-8 0 0-05 0-45 Olive green 
0-75 0 0-04 0-40 Red-brown 
0-75 0 0-02 0-40 Dark brown 
0-7 0-5 0-7 1-0 Violet 
0-75 0-75 0-8 1-0 Violet 
0-9 0-95 0-9 1-0 Violet 
0-8 0-1 0-30 0-9 Purple 
0-9 0-85 0-25 0-9 Blue 
0-1 0-2 0-7 0-9 Crimson 
0-05 0-2 —_ 0-9 Crimson 
0-1 0-15 0-6 0-9 Violet 
0-65 0-15 0-4 0-95 Mauve 
0-6 0-1 0-2 0-75 Blue-green 
0-9 0-95 — — Purple 
0-65 0-15 0-3 — Purple 

— — 0-18 — Purple 


* See Bray et al. (1950a). 
+ These compounds reduce ammoniacal AgNO . 
{ These compounds were isolated from urine. 
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to stability of the aminophenylsulphate). Diazo deter- 
mination on urine after mild hydrolysis, H+F. Ehrlich 
determination on urine as collected, A+C+#. Ehrlich 
determination on urine after complete hydrolysis, 


A+B+C+iD+E+F. 


Ethereal sulphate determination, C+D. Glucuronic acid 
determination (naphthoresorcinol), H+F. It can be seen 
from Table 2 that glucuronide results are in reasonable 
agreement with those found by diazo determination on the 
urine after mild hydrolysis. The relative proportions of Z 
and F were determined by diazo estimations, before and 
after hydrolysis, on the glucuronide fraction of the pooled 
urines of ten rabbits obtained by the usual lead procedure 
(ef. Bray et al. 1947). Any significant difference (such 
differences were only obtained when benzoxazoles were 
administered) between the Z + F value estimated by diazo- 
tization and by the naphthoresorcinol method would 
suggest the existence of a glucuronide in which there is no 
diazotizable amino group, e.g. that of a hydroxylated 
benzoxazole. Even if the oxazole ring of such a compound 
was ruptured during hydrolysis the resulting dihydroxy- 
aniline would not be expected to diazotize and couple, since 
the liberated amino group would be in a position ortho to 
hydroxyl. 
RESULTS 

Excretion of normal metabolites. The average daily 
excretion of various metabolites by individual 
rabbits ranged as follows: ethereal sulphate, 26— 
41 mg. SO, ; reducing material, unhydrolysed, 175— 
210 mg., hydrolysed, 305-480 mg. (calculated as 
glucuronic acid); ether-soluble acid, 604-900 mg. 
(calculated as hippuric acid); phenols, free, 25— 
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60 mg. (using 2-(3-hydroxyphenyl)-benzoxazole as 
standard) or 17-41 mg. (using hydroxybenz- 
oxazolone as standard), conjugated, 39-97 mg. 
(calculated as hydroxybenzoxazolone) ; mercapturic 
acid, 4-22 mg. (calculated as mercapturic acid of 
benzoxazolone). The average percentages by which 
individual daily normal values differed from the 
weekly average values used for baselines in calcula- 
tion of final results were +14, +10, +10, +11, 
+ 29 or 37, +18 and + 65 respectively. 


Metabolism of o-, m- and p-aminophenols 


Quantitative. The results of determinations on 
urines excreted by rabbits which had received o-, 
m-, or p-aminophenol are summarized in Table 2. 
From these values the amounts of the different 
metabolites excreted have been calculated and are 
given in Table 3. The following illustrates the 
method of calculation for o-aminophenol. From 
diazo estimation on urine as collected H=53%. 
Hence, since H+ F=65%, F=12%. Calculation 
from the ratio free : acetylated glucuronide (3-8: 1) 
gives 51 and 14%. Values taken for H and F were, 
therefore, 52 and 13% respectively. C+D=15% 
and from chromatographic estimation (Table 3) 
A=11%. Hence, since 


A+B+C+D+E+F=95%, B=4%, 


Since o-aminophenylglucuronide gives only 65% 
and o-aminophenylsulphate only 33 % of the colour 


Table 2. Results of quantitative analysis of urines from rabbits dosed with o-, m- and p-aminophenols 


(Results are expressed as average percentage of the dose; ranges in parentheses. Superior figures against ranges indicate 


the number of experiments. Dose 1 g. throughout.) 
Method of estimation 


Diazo* on urine as collected (Z or C +E) 
Diazo* on urine after mild hydrolysis (HZ + F) 
Ehrlich on urine as collected (A +C +£) 


Ehrlich} on urine after complete hydrolysis (A +B+C+D+£+F) 


Ethereal sulphate (C + D) 
Glucuronic acid (HZ + F) 


Ratio of free to acetylated glucuronide in glucuronide fraction of 


urine (EZ: F) 


o-Aminophenol m-Aminophenol p-Aminophenol 


53 (37-60)© 59 (54-63) 53 (45-65)® 
65 (60-68)5 64 (62-67)° 61 (55-65)* 
50 (41-70)! 58 (56-61)* 79 (61-96)? 
95 (86-108) 98 (85-118)* 104 (85-125) 
15 (13-17)? 15 (14-15)? 12 (10-13)? 
70 (62-77)2{ 60 (58-61)? 62 (60-63)? 
38:1 10°8:1 2-8:1 


* Corresponding aminophenylglucuronide used as standard. 
+ The aminophenol used as standard. The o-, m- and p-aminophenylglucuronides gave respectively 65, 105 and 180% of 


the colour intensity of the corresponding aminophenol. 


{ Pure o-aminophenylglucuronide gave only 80% of the theoretical colour value with the naphthoresorcinol reagent. 
These values have, therefore, been corrected. In these two experiments the dose did not cause the excretion of large 


amounts of reducing material (see p. 75). 


Table 3. Amounts of metabolites excreted by rabbits after administration of aminophenols 


(Results are expressed as average percentages of the dose and are calculated from data of Table 2 except for values in 
parentheses which were obtained by paper chromatography. Dose 1 g. throughout.) 


Metabolite 


Unchanged aminophenol 
Acetamidophenol 
Aminophenylsulphate 
Acetamidophenylsulphate 
Aminophenylglucuronide 
Acetamidophenylglucuronide 


o-Aminophenol 


m-Aminophenol p-Aminophenol 


(11) 0 (0) (2) 
4 (2) 19 (12) 25 (13) 
15 0 8 
0 15 ; 4 
52 59 45 
13 5 16 
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intensity of o-aminophenol in the Ehrlich method, 
the determination on urine as collected really gives 
A+0-330+0-65H. Hence 
114 0-33C + 0-65 x 52 = 50 

and C=15% and D=0. For p-aminophenol, C can 
be obtained from C+H=53, assuming that the 
intensity of colour given by p-aminophenylsulphate 
in the diazo method is the same as that given by 
p-aminophenylglucuronide. The intensity of colour 
in the Ehrlich method for m-aminophenylglucu- 
ronide is the same as that for m-aminophenol, 
hence both A and C=0. 

The presence of aminophenol and acetamido- 
phenol in ether extracts of the urines was detected 
by two-dimensional paper chromatograms using 
solvent mixture A followed by solvent mixture B 
(Table 1). Approximate estimations of the amounts 
present were made from one-dimensional chromato- 
grams using solvent mixtures A (0- and p-amino- 
phenol), B (m-acetamidophenol) and C (o- and p- 
acetamidophenol). The results are given in paren- 
theses in Table 3. 

Isolation of metabolites. The urines as collected 
(pH 7-8) were extracted with ether for 24 hr. in a 
continuous extractor. The following were isolated 
and characterized: o-aminophenol, m.p. 173° 
(75% of dose), from o-aminophenol urine; m- 
acetamidophenol, m.p. 148° (6% of dose), from m- 
aminophenol urine and p-acetamidophenol, m.p. 
168° (4% of dose), from p-aminophenol urine. The 
amounts isolated provide confirmation of the 
relative amounts of free and acetylated phenols 
found by quantitative methods (Table 3). 

Crystalline glucurcnides were isolated from the 
urines by means of the usual lead procedure (cf. 
Bray et al. 1947). Their properties, given in Table 4, 
were essentially in agreement with those recorded 
by Williams (1943). The o-aminophenylglucuronide 
which we isolated appeared to be anhydrous. 
(Found: C, 50-1; H, 5:7; N, 5:0, 4-6; equiv. 265. 
Cale. for C,,H,,O,N: C, 50-5; H, 5-3; N, 49%; 
equiv. 285.) 
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Metabolism of o-formamidophenol 


Metabolites which might be expected to be ex- 
creted after administration of o-formamidophenol 
are o-formamidophenylsulphate and o-formamido- 
phenylglucuronide, together with the unchanged 
compound and the metabolites of o-aminophenol 
described in the previous section. The quantitative 
methods used for aminophenol urines were applied 
and the results are summarized in Table 5. o-Form- 
amidophenol neither diazotizes and couples nor 
reacts with the Ehrlich reagent, but it forms o- 
aminophenol on mild hydrolysis. The methods do not 
permit differentiation between the formamido and 
acetamido compounds. With this limitation the 
amounts of the various metabolites excreted have 
been calculated and are given in Table 6. 

o-Aminophenol, o-formamidophenol and o-acet- 
amidophenol were detected in ether extracts of the 
urine by two-dimensional paper chromatography 
using solvent mixtures A and B (Table 1). Approxi- 
mate estimations indicated an amount of o-amino- 
phenol corresponding to 2% of the dose and of o- 
acetamidophenol to 1%. Owing to the difficulty of 
finding a solvent mixture which separated it clearly 
from the phenols present in normal urine the amount 
of o-formamidophenol could only be assessed as 
between 5 and 10% of the dose. 

Isolation of metabolites. The urine as collected 
(pH 7-8) from rabbits which had been given o- 
formamidophenol was continuously extracted with 
ether. The only metabolite isolated from the extract 
was o-formamidophenol. Yield 2-5% of the dose. 
o-Aminophenylglucuronide was isolated from the 
urine by the usual lead procedure. Yield 8 % of dose. 


Metabolism of benzoxazole 


If the metabolism of benzoxazole in the rabbit 
involves rupture of the oxazole ring, o-formamido- 
phenol and o-aminophenol are likely fission pro- 
ducts. The urines from rabbits which had received 
benzoxazole were, therefore, treated like the 


Table 4. Properties of the glucuronides isolated from urine of rabbits after administration of aminophenols 


o-Aminophenyl- 


glucuronide. m-Aminopheny]l- p-Aminophenyl- 
Colourless glucuronide. glucuronide. 
elongated Colourless Colourless 
Crystalline form platelets leaflets needles 


Melting point 


Blackens from 


Blackens from 218° (decomp.)f 


230°* 220° 
[a] in water (c, 0-5) — 87° at 20° — 100° at 21-5° — 93° at 21° 
N% (cale. 4:9) 4:8 4-6 5-1 
Equiv. by titration (calc. 285) 265 290 293 
Yield (% of dose) 24 6 18 


* Williams (1943) gives ‘blackened without melting on heating to 300°’. Comparison of our glucuronide with a 
specimen kindly provided by Prof. Williams showed identical behaviour of the two specimens in the melting-point 
apparatus, namely, no true melting but blackening starting about 230°. Prof. Williams states that by ‘blackened without 
melting on heating to 300°’ he meant that the ‘limit of heating was 300°, and not that it blackened specifically at 300°. 

t Williams (1943) gives 213° (decomp.) for monohydrate. (Calc. for monohydrate: N, 4-6%; equiv. 303.) 
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Table 5. Results of quantitative analysis of urines from rabbits dosed with o-formamidophenol, 
benzoxazole and 2-methylbenzoxazole 





(Results are expressed as average percentage of dose; ranges given in parentheses. Superior figures indicate number of 
experiments. Dose 1 g. throughout.) 


Method of estimation o-Formamidophenol Benzoxazole 2-Methylbenzoxazole 
Diazo* on urine as collected 54 (39-62)*® 37 (31-47)'° 7 (5-10)§ 
Diazo* on urine after mild hydrolysis 74 (68-77)° 50 (42-56)§ 35 (26-42) 
Ehrlich on urine as collected 39 (35-44)* 25 (14-39)!° 7 (3-8)§ 
Ehrlich} on urine after complete hydrolysis 107 (90-131)® 98 (87-132)° 99 (83-112)8 
Ethereal sulphate 16? 16 (14-19)* 16 (15-17)? 
Glucuronic acid 60 (57-63)? 64 (52-83)* 67 (55-76)*® 
Ratio of free to acetylated glucuronide 2:1 23:1 1:4-25 


* o-Aminophenylglucuronide used as standard. + o-Aminophenol used as standard. 


Table 6. Amounts of metabolites excreted by rabbits after administration of o-formamidophenol, 
benzoxazole and 2-methylbenzoxazole 


(Results are expressed as average percentages of the dose and are calculated from data of Table 5, except for the values 
in parentheses, obtained by paper chromatography. Dose 1 g. throughout.) 


Metabolite 
o-Aminophenol 


o-Formamidophenol } 
o-Acetamidophenol }) 


o-Aminophenylsulphate 
o-Formamidophenylsulphate and/or 
o-acetamidophenylsulphate 
o-Aminophenylglucuronide 
o-Formamidophenylglucuronide and/or 
o-acetamidophenylglucuronide 
Hydroxylated benzoxazole?+ 
Hydroxybenzoxazolone 


o-Formamidophenol 


Benzoxazole 2-Methylbenzoxazole 


(2) (1) (1) 


{ (5-10) ~ {(5-10) ((0) 
81 (1) 17 | (2) 15 1(6) 
9 3 3 
7 1: 13 

52 36 7 
22 14 28 
— 14 32 
— 4* (3) sme 


* Unconjugated. Found by isolation. This value is additional to the total (98%) found by the Ehrlich method. 
+ This value is the difference between that obtained by the naphthoresorcinol and that by the diazo method. 


o-formamidophenol urines. The quantitative results 
are summarized in Table 5. The amounts of the 
various metabolites calculated from these are given 
in Table 6. The difference between the glucuronide 
values determined by the two methods suggests 
that about 14% of the dose is excreted as a glucu- 
ronide other than that of o-aminophenol. 
Benzoxazole yields o-aminophenol under the 
conditions for complete hydrolysis of conjugates, so 
that any unchanged benzoxazole excreted will be 
included in the estimation of the total amino com- 
pounds by the Ehrlich method on completely 
hydrolysed urines. Since the characteristic smell of 
benzoxazole was not observed in any of the urines or 
fractions obtained from them it is probable that the 
amount of benzoxazole excreted, if any, is very 
small. There is also the possibility of oxidation of 
the benzoxazole molecule without rupture of 
the oxazole ring. This might give benzoxazolone, 
hydroxybenzoxazole or hydroxybenzoxazolone. Of 
these only hydroxybenzoxazole would be likely to 
be estimated along with the total amino compounds 
(Ehrlich method) and would account for the glucu- 
ronide value by the naphthoresorcinol method 
being larger than the diazo value after mild hydro- 
lysis. Benzoxazolone is not broken down under the 


conditions of hydrolysis. The phenolic compounds, 
if conjugated with sulphuric acid, would be included 
in the ethereal sulphate excreted. 

Two-dimensional paper chromatograms from 
ether extracts of the urines as collected revealed 
the presence of 0-aminophenol, o-formamidophenol, 
o-acetamidophenol and a hydroxybenzoxazolone 
identical with that obtained as a metabolite of 
benzoxazolone (see below, p. 76). The approximate 
amounts present were 1, 5-10, 2 and 3 % of the dose 
respectively. 

Isolation of metabolites. The only metabolite 
isolated from ether extracts of unhydrolysed benz- 
oxazole urines was a hydroxybenzoxazolone which 


-was obtained as a pale-brown powder, yield 4% of 


dose, identical with the compound obtained from 
benzoxazolone urines. (Found: N, 9-1. Cale. for 
C,;H;0,N: N, 9:3%.) o-Aminophenylglucuronide, 
identical with that obtained from o-aminophenol, 
was isolated from the urine by the usual lead 
procedure. (Yield 12% of dose.) 


Metabolism of 2-methylbenzoxazole 


If the oxazole ring of 2-methylbenzoxazole is 
broken in the rabbit as is that of benzoxazole, the 
metabolites expected would be o-acetamidophenol 
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and o-aminophenol and their conjugates. The results 
of the quantitative analysis of the urine from rabbits 
which had received 2-methylbenzoxazole are 
summarized in Table 5 and the amounts of the 
various metabolites calculated from these data are 
given in Table 6. 2-Methylbenzoxazole is hydro- 
lysed under the conditions for complete hydrolysis 
of conjugates. The difference between the glucuro- 
nide value and that for the diazo after mild hydro- 
lysis suggests that about 32% of the dose is 
excreted as a hydroxylated methylbenzoxazole. No 
evidence for the excretion of unchanged 2-methyl- 
benzoxazole, which has a stronger smell than has 
benzoxazole, was obtained. 

Two-dimensional paper chromatograms from 
ether extracts of the urines showed the presence of 
o-aminophenol and o-acetamidophenol in amounts 
of approximately 1 and 6 % of the dose respectively 
and a small amount of an unidentified metabolite. 
The unidentified metabolite reacted with Folin & 
Ciocalteu’s reagent and gave a purple spot on the 
chromatogram when treated with diazotized p- 
nitraniline. o-Hydroxyphenylurea, which has the 
same R, in solvent mixtures A and B (Table 1), 
gives a mauve spot and has a different R, in solvent 
mixture C. The difficulty of synthesizing hydroxy- 
methylbenzoxazoles made it impracticable to 
compare such compounds with the unknown. 

Isolation of metabolites. The only metabolite iso- 
lated from ether extracts of unhydrolysed 2-methyl- 
benzoxazole urine was o-acetamidophenol. Yield 
3% of dose. No crystalline glucuronide could be 
isolated by the usual lead procedure. From hydro- 
lysed urine only o-aminophenol was isolated (15% 
of dose). 


Metabolism of 2-phenylbenzoxazole 


Preliminary experiments failed to reveal the 
presence of amino compounds (free or conjugated) 
in the urine excreted after administration of 2- 
phenylbenzoxazole to rabbits. This compound is 
apparently not broken down in the rabbit. The urines 
were examined quantitatively for ether-soluble acid, 
phenols, ether-type glucuronide, ethereal sulphate 
and mercapturic acid. The results obtained are 
summarized in Table 7. Paper chromatograms from 
ether extracts of the urines only revealed one 
phenolic compound in addition to those found in 
normal rabbit urine. This was the hydroxy-2-phenyl- 
benzoxazole described below. The results suggest 
that this phenol is excreted free (2% of dose) and 
conjugated with sulphuric (10%) and glucuronic 
(48%) acids. The glucuronide is ether-soluble. 

Isolation of metabolites. The pooled 24 hr. urines 
of eight rabbits which had each received 2-phenyl- 
benzoxazole (1 g.) were adjusted to pH 7 and con- 
tinuously extracted with ether for 48 hr. From the 
extract 400 mg. of colourless needles, m.p. 215—217°, 
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were isolated. These gave a positive reaction with 
Folin & Ciocalteu’s reagent but no colour with 
ferric chloride. A further 120 mg. were obtained by 
extracting the residual urine with ether at pH 10 


Table 7. Results of quantitative analysis of urines 
from rabbits dosed with 2-phenylbenzoxazole and 
benzoxazolone 


(Results are expressed as average percentage of the dose; 
ranges in parentheses. Superior figures indicate number of 
experiments. Dose 1 g. throughout.) 


Method of 2-Phenyl- 
estimation benzoxazole Benzoxazolone 
Free phenols 2 (0-4)* 2 (1-4)5+ 


75 (68-86)*+ 
28 (11-43)*t 
22 (21-23)? 


Conjugated phenols -= 
Ether glucuronide 48 (41-62)* 
Ethereal sulphate 10? 

Ether-soluble acid 46 (39-55)*® _ 
Mercapturic acid 2 (0-4)°§ 2 (0-3)°§ 


* 2-(3-Hydroxyphenyl)-benzoxazole used as standard. 

+ Hydroxybenzoxazolone used as standard. 

{ Unreliable since benzoxazolone is a substance which 
causes excretion of large amounts of reducing material thus 
giving abnormally high baseline (see Bray, Hybs & Thorpe, 
1951). 

§ Probably not significant in view of variation in values 
in normal urine. 


(total yield 6% of dose). Some of the compound 
was boiled under reflux with 10N-hydrochloric acid 
for 2 hr. The reaction mixture was neutralized and 
continuously extracted with ether. The extract was 
examined on two-dimensional paper chromato- 
grams using solvent mixture A and then B (Table 1). 
Resorcinol, m-hydroxybenzoic acid and o-amino- 
phenol were identified. This suggests that the com- 
pound isolated was 2-(3-hydroxyphenyl)-benzoxazole 
(VII). (Found: C, 73-5; H, 4-1; N, 6-9. C,,H,O,.N 
requires C, 73-9; N, 4-3; N, 6-6 %.) 


OH 
OO 
GY 
N” 
(VII) 


The residual urine after the separation of the 
hydroxyphenylbenzoxazole was adjusted to pH 3 
and further extracted with ether. The extract was 
evaporated to dryness and the residue recrystallized 
from water. Yield 1-3 g., colourless needles, m.p. 
202°, which gave a positive naphthoresorcinol 
reaction. The properties were consistent with those 
expected of 3-(2-benzoxazolyl)-phenyl glucuronide 
monohydrate. (Found: C, 55-8; H, 4:6; N, 3-9. 
Equiv. by reduction, 385; by titration, 407. 
C,,H,,0,N .H,O requires C, 56-3; H, 4-7; N, 3-5%,. 
Equiv. 405.) Acid hydrolysis gave resorcinol, m- 
hydroxybenzoic acid and o-aminophenol as with 
the free phenol. 


Metabolism of benzoxazolone 





This compound is relatively stable to hydrolysis 
by acids, and the oxazolone ring is not broken under 
the conditions for complete hydrolysis of conju- 
gates. No evidence of its breakdown in vivo was ob- 
tained. Urines from rabbits dosed with benzox- 
azolone were examined quantitatively like those 
obtained after dosing with 2-phenylbenzoxazole. 
The results are summarized in Table 7. Only one 
metabolite of benzoxazolone, a hydroxybenzox- 
azolone, was detected in ether extracts of the 
urine by means of paper chromatography. The 
results suggest that this phenol is excreted free 
(2% of dose) and conjugated with sulphuric acid 
(22%) and glucuronic acid (53 %). The last figure is 
derived from the conjugated phenol value since 
direct determination of glucuronide is unreliable 
(see footnote to Table 7). 

Isolation of metabolites. Continuous extraction 
with ether of the urine as collected gave a brown 
powder which separated from the ethereal solution 
during the extraction. The same substance was ob- 
tained by extraction of acidified urine or urine which 
had been hydrolysed with acid. Yield, 2 g. from 8 g. 
of benzoxazolone. After crystallization from 50% 
(v/v) aqueous ethanol it formed very small pale- 
brown plates, m.p. 297—298° (decomp. with previous 
blackening). (Gressly & Nencki, 1890, 1891, stated 
that the substance blackened at 265°.) The sub- 
stance gave a positive Folin & Ciocalteu reaction, a 
green colour with ferric chloride changing to brown, 
and a purple precipitate with Millon’s reagent in the 
cold (unchanged on boiling). These properties are in 
agreement with those described by Gressly & Nencki 
(1890, 1891) for their hydroxybenzoxazolone. 
(Found: C, 55:9; H, 3-5; N, 9-4. Cale. for C,H,O,N: 
C, 55-6; H, 3-3; N, 9-3%.) A glucuronide (yield 12% 
of dose) was isolated from the urine by the usual 
lead procedure in the form of colourless needles, 
m.p. 193° (decomp.); [«]%° —79° in water (c, 0-5). 
(Found: C, 43-5; H, 4:5; N, 3-9. Equiv. by re- 
duction, 358; by titration, 336. C,,H,,0,N.2H,O 
requires C, 43-0; H, 4-7; N, 3-9%. Equiv. 363.) 

Hydrolysis of the hydroxybenzoxazolone by 
boiling with concentrated sulphuric acid for 3 hr. or 
heating in a sealed tube with ammonia (sp.gr. 
0-880) at 100° for 3hr. gave a solution which 
strongly reduced ammoniacal silver nitrate and gave 
positive Ehrlich and indophenol tests. (For con- 
ditions used for the latter see Thorpe, Williams & 
Shelswell, 1941.) The properties would be consistent 
with those of a dihydroxyaniline, but neither this 
compound nor a derivative could be separated for 
characterization. A positive indophenol reaction is 
usually indicative of an —OH group in a position 
para to an —NH, group. This admittedly slender 
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evidence suggests that the —OH in hydroxy- 
benzoxazolone is in position 7 (VIII). 


(VIL) 


An attempt at synthesis of compound VIII from 
2:4-dihydroxybenzamide by treatment with sodium 
hypochlorite (cf. preparation of benzoxazolone 
from salicylamide, Graebe & Rostovzoff, 1902; 
Thorpe & Williams, 1941) resulted in the isolation 
of colourless needles, m.p. 223-226°. (No blue- 
green spot characteristic of the hydroxybenzox- 
azole (Table 1) was detected on paper chromato- 
grams.) The compound gave a purple spot on paper 
chromatograms and a crimson colour with FeCl, and 
was identified as a chloro-2:4-dihydroxybenzamide. 
(Found: C, 44-3; H, 3-2; N, 7-5; Cl, 18-9. C,H,O,NCl 
requires C, 44-8; H, 3-2; N, 7-5; Cl, 18-9%.) This 
amide was very resistant to hydrolysis by hot acid or 
alkali (sulphuric acid, 80 % (v/v); hydrochloric acid, 
10n; phosphoric acid (anhydrous) at 150°; or 
sodium hydroxide, 40%, w/v). The formation of an 
acid from the amide was, however, achieved by 
Bouveault’s (1893) method with nitrous acid 
although this involved nitration. The chloro-2:4- 
dihydroxynitrobenzoic acid formed pale-yellow 
needles, m.p. 242° (decomp.), and gave a blood-red 
colour with ferric chloride. (Found: N, 6-5; Cl, 
16-0. C,H,O,NCl requires N, 6-0; Cl, 15-2%.) 
Attempts to prepare this acid by a similar route 
starting with 2:4-dihydroxybenzoic acid resulted in 
decarboxylation by the sodium hypochlorite. 

Treatment of the hydroxybenzoxazolone from 
urine with diazomethane gave a methoxybenzox- 
azolone, colourless plates, m.p. 106—107°. (Found: 
N, 8-6; OMe, 19-2. C,H,O,N requires N, 8-5; OMe, 
18-8%.) No hydroxymethoxyaniline could be 
isolated after hydrolysis of this compound. 


DISCUSSION 
The results obtained with the aminophenols are 


essentially in agreement with those reported by 


Williams (1938, 1943) and Smith & Williams (1949). 
In view, however, of some recent observations made 
in this laboratory upon the conjugation of phenols 
in the rabbit it is not to be expected that close 
agreement in quantitative results would be obtained. 
In that investigation (Bray & White, 1951) it was 
shown that the percentage of a dose of phenol 
excreted as ethereal sulphate depends not only upon 
the available sulphate precursors in the diet and the 
dose level, but also upon the relation of the time at 
which the food was consumed to that of dosing. Itis, 
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therefore, unlikely that results obtained in two 
laboratories will be strictly comparable unless the 
experimental conditions are very accurately re- 
produced. 

It is clear that in benzoxazole and 2-methyl- 
benzoxazole the oxazole ring may be regarded as a 
potential centre for conjugation, since the ring is 
opened and metabolites including o-aminophenol 
are excreted. The results of quantitative analyses 
suggested the formation also of conjugated hydroxy- 
lation products without rupture of the oxazole ring. 
This is in addition to the small amount of hydroxy- 
benzoxazolone which was isolated from the benz- 
oxazole urine as an unconjugated metabolite and 
may have been formed by oxidation of a hydroxy- 
benzoxazole. 

The formation of o-formamidophenol and o- 
aminophenol from benzoxazole suggests that 
cleavage of the oxazole ring occurs at the C—O 
linkage. Omitting intermediate stages this could 
be represented by: 


O 
d 
nf’ 


The o-acetamidophenol detected was presumably 
formed by acetylation of the o-aminophenol. 
Attempts to differentiate quantitatively between 
o-formamidophenol and o-acetamidophenol in con- 
jugated form by determination of the formic and 
acetic acids in hydrolysed urines gave unsatis- 
factory results. It should, perhaps, be mentioned 
that c-formamidcphenvi was never detected in 
urines of rabbits which had been given either 
o-aminophenol or o-acetamidophenol. 

The intermediate expected from 2-methyl- 
benzoxazole would be o-acetamidophenol which was 
actually found in greater amount than from benz- 
oxazole. No o-formamidophenol was detected. 

In 2-phenylbenzoxazole and benzoxazolone, how- 
ever, the oxazole ring is stable and no o-amino- 
phenol is formed. A new centre for conjugation is 
formed by hydroxylation. The finding that a con- 
siderable percentage of a dose of 2-phenylbenz- 
oxazole or benzoxazolone is hydroxylated is not, 
therefore, unexpected. The position taken up by the 
new hydroxyl group introduced is of interest. In 
2-phenylbenzoxazole the phenyl group in position 2 
is hydroxylated, whereas in benzoxazolone hydroxy- 
lation can only occur in the benzene ring fused to the 
oxazole ring. It would appear that hydroxylation 
occurs more readily on the ring which is not fused to 
the oxazole ring, since no evidence of hydroxylation 
of the benzoxazole moiety of 2-phenylbenzoxazole 
was obtained. 


NH. bigs oo NH, 


METABOLISM OF BENZOXAZOLES 77 


SUMMARY 


1. The metabolism of o-, m- and p-aminophenol, 
o-formamidophenol, benzoxazole, 2-methyl- and 2- 
phenyl-benzoxazole and benzoxazolone in the rabbit 
has been studied. 

2. The o-, m- and p-aminophenols were excreted 
unchanged to the extent of 11, 0 and 2%; they were 
excreted conjugated with acetic acid 17, 39 and 
45 %, with sulphuric acid 15, 15 and 12 % and with 
glucuronic acid 65, 64 and 61% of the dose re- 
spectively. The properties of the glucuronides 
isolated were not in complete agreement with those 
recorded in the literature. 

3. o-Formamidophenol was excreted as o-amino- 
phenol to the extent of 2% of the dose, unchanged 
7%, acylated 37 %, conjugated with sulphuric acid 
16 %, and conjugated with glucuronic acid 74%. 

4. ema was excreted as 0-aminophenol to 
the extent of 1% of the dose, as acylated amino- 
phenol 44%, * aminophenol conjugated with 
sulphuric acid 16 %, and as aminophenol conjugated 


+H.COOH 


with glucuronic acid 50%. About 14% of the 
dose was excreted as undiazotizable glucuronide, 
i.e. hydroxylated without rupture of the oxazole 
ring. A hydroxybenzoxazolone (4% of dose) was 
isolated from urine. 

5. 2-Methylbenzoxazole was excreted as o0- 
aminophenol to the extent of 1 % of the dose and as 
aminophenol conjugated with acetic acid 56 %, with 
sulphuric acid 16 % and with glucuronic acid 35 %. 
About 32% of the dose was excreted as undiazo- 
tizable glucuronide, i.e. hydroxylated without 
rupture of the oxazole ring. 

6. 2-Phenylbenzoxazole was excreted as free 
phenols to the extent of 2%, and conjugated with 
sulphuric acid 10% and with glucuronic acid 48% 
of the dose. There was no evidence of fission of 
the oxazole ring. A metabolite believed to be 2- 
(3-hydroxypheny])-benzoxazole and its glucuronide 
were isolated. 

7. Benzoxazolone was excreted as free phenols 
to the extent of 2%, and conjugated with 
sulphuric acid 22 % and with glucuronic acid 53% 
of the dose. There was no evidence of fission of the 
oxazolone ring. A hydroxybenzoxazolone was 
isolated from urine and its constitution is discussed. 

8. R, values on paper chromatograms for the 
phenolic metabolites are recorded. 


The naphthoresorcinol glucuronic acid determinations 
were carried out by Miss B. G. Humphris. The micro- 
analyses were carried out by Weiler and Strauss, Oxford. 
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Biochemistry of Organic Phosphorus Insecticides 


1. THE MAMMALIAN METABOLISM OF BIS(DIMETHYLAMINO)PHOSPHONOUS 
ANHYDRIDE (SCHRADAN) 


By J. E. GARDINER anp B. A. KILBY 
Department of Biochemistry, University of Leeds 


(Received 5 July 1951) 


Since the original discovery in 1940 of the high 
toxicity and powerful anti-cholinesterase activity of 
dialkyl fluorophosphonates (Adrian, Feldberg & 
Kilby, 1947), many related organic phosphorus com- 
pounds (such as tetraalkyl pyrophosphates, dialkyl 
p-nitrophenyl phosphates) have been shown to have 
similar properties. Certain of these compounds are 
now being manufactured for use as insecticides, in- 
cluding bis(dimethylamino)phosphonous anhydride, 
(NMe,),PO.0.PO(NMe,),, which is distributed in 
this country under the trade name of ‘Pestox III’, 
and for which the trivial non-proprietary name of 
‘Schradan’ has been recommended, in recognition 
of the work of Gerhard Schrader who discovered it 
(Schrader, 1947, 1951). Schradan has unusual 
properties as an insecticide, in that it shows only 
weak contact insecticidal action and no fumigant 
effect, but is readily absorbed into plants through 
their roots or leaves when applied as an aqueous 
solution and is transported around the plant in the 
sap stream. The whole plant is rendered toxic for 
several weeks to insects, especially aphides, which 
may feed upon it (Ripper, Greenslade & Lickerish, 
1949). 


While the mode of action of organic phosphorus 
compounds as insecticides is still uncertain, there 
does appear to be some correlation between high 
insecticidal action and high potency as inhibitors of 
insect cholinesterases in vitro (Metcalf & March, 
1949). Schradan is anomalous in that its inhibitory 
action on this enzyme is only about a millionth of 
that of some of the more potent phosphorus in- 
secticides; moreover, its inhibition of mammalian 
cholinesterases in vitro is of a similar low order, but 
if injected into animals it leads to the development 
of symptoms similar to those following administra- 


- tion of well known anti-cholinesterase drugs and 


characteristic of acetylcholine poisoning, although 
the development of symptoms following Schradan is 
rather slower and death may be delayed a few hours. 
There appeared to be the possibility that this 
compound was being converted in the mammalian 
body into some much more powerful anti-cholin- 
esterase. A greater knowledge of the mammalian 
metabolism of Schradan is also desirable in view of 
the possible health hazards which might arise from 
the accidental consumption by man or animals of 
plants which had been treated with the insecticide 
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and still contained appreciable amounts in the sap. 
We have, therefore, investigated the mammalian 
metabolism of Schradan using radioactive material, 
and a preliminary communication has been made 
(Gardiner & Kilby, 1950a). 


MATERIALS AND METHODS 


Bis(dimethylamino)phosphonous 
anhydride (Schradan) 


(a) Non-radioactive. This was prepared by the interaction 
of equimolecular amounts of bis(dimethylamino)chloro- 
phosphine oxide, (NMe,),POCI, (I), with ethyl bis(dimethyl- 
amino)phosphite, (NMe,),PO(OEt), (II), as previously de- 
scribed (Gardiner & Kilby, 19506), but with the following 
modifications. Compound (I) was freed from traces of 
dimethylamine hydrochloride, NHMe,. HCl, by continuous 
extraction into petrol (b.p. 40-60°) in which the hydro- 
chloride is insoluble. After removal of the petrol under 
reduced pressure, (I) was fractionated in vacuo. (I) and (II) 
were heated without solvent for 12-18 hr. at 145° to yield 
crude Schradan, (NMe,),PO.0.PO(NMe,),, which was 
purified as described below. 

(b) Radioactive. **POCI, was synthesized and converted 
into labelled Schradan by the method described earlier 
(Gardiner & Kilby, 1950) except that the reaction between 
®POCI, and dimethylamine, NHMe, (4 mol.), was carried 
out in petrol (b.p. below 40°), the amine being generated 
from the calculated amount of NHMe,.HCl by aqueous 
KOH (40%, w/v), and carried in a stream of N, through a 
drying tube of KOH pellets into the reaction vessel. When 
the reaction was complete, the solution was filtered from 
the precipitated NHMe,. HCl, the solvent removed and the 
residual radioactive (I) heated overnight at 145° with an 
excess of non-radioactive (II). The product was purified as 
below. 

(c) Purification. The crude reaction mixture containing 
Schradan was dissolved in aqueous NaOH (0-5% w/v) to 
destroy unreacted (I) and continuously extracted with 
benzene for 2 hr. to remove unreacted (II). The aqueous 
layer was separated and made more alkaline with NaOH 
(1 ml. 40% (w/v) for each 10 ml. of solution) and the 
Schradan was then continuously extracted into CHCl,. The 
residue, after removal of CHCI,, was fractionated; usually 
nothing distilled below 100°/0-005 mm. and the pure product 
(b.p. 102-4°/0-005 mm.) was collected into weighed am- 
poules, sealed and reweighed. A stock solution of Schradan 
for radioactive assay and incubation studies was made by 
weighing out the purified material into a dry graduated 
flask, adding water, adjusting the pH to 8-9 and storing 
in the cold room. 

Acetylcholinesterase 


Preparation. A suspension of human erythrocyte stroma 
was used. Red cells were separated by centrifugation from 
a red cell concentrate kindly supplied by the Blood Trans- 
fusion Service. Packed cells (1-5 1.) were washed three times 
with NaCl (900 ml., 0-9%, w/v) and then haemolysed by 
suspension in water (7-5 1.), the pH (measured with a glass 
electrode) being adjusted to 5-8-5-9 by the dropwise addition 
of 0-1 n-HCI with vigorous stirring. After standing overnight 
at 0°, the stroma had settled and most of the haemoglobin 
solution could be removed by decantation. The precipitate 
was resuspended in water (51.) and when it had again 
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settled, the clear solution was removed and the remainder of 
the preparation spun down to give a cake of cell remains. 
This was washed a further three times with water (2-3 1.), 
once with buffer and finally suspended in buffer. When 
intended for use in manometry, the cell remains were sus- 
pended in 600 ml. of buffer containing 0-15m-NaCl, 0-04m- 
MgCl, and 0-025m-NaHCO, and saturated with 5% 
CO,-95% N, gas mixture. For use in the colorimetric 
assay, the buffer (600 ml., pH 8-0) contained 429 ml. 
0-1 m-sodium diethylbarbiturate and 171 ml. 0-1 N-HCIl. 

Manometric estimation of cholinesterase. The procedure 
was essentially that of Ammon (1930), as modified by 
Nachmansohn (1945), in which the CO, production was 
measured in Warburg manometers at 37°. The main com- 
partment of the cups contained the enzyme, inhibitor and 
buffer solutions to a total volume of 3 ml. A suitable activity 
was usually given by 1 ml. of diluted (1 to 50) stock enzyme 
preparation. The side arm contained acetylcholine bromide 
(0-2 ml. of 0-1m stock solution prepared by mixing acetyl- 
choline bromide (1-13 g.), 0-2m-acetate buffer (pH 4-5, 
5 ml.) and water to 50 ml.). The manometers were filled with 
95 % N, and 5% CO, by an evacuation procedure (Umbreit, 
Burris & Stauffer, 1945). The inhibitor and enzyme were 
mixed for 90 min. before tipping in the substrate. The 
manometers were equilibrated for 15 min. Normally three 
readings with an interval of 10 min. were taken before 
tipping, and four readings afterwards at 10 min. intervals, 
and the rate of CO, output calculated by the statistical 
procedure described by Aldridge, Berry & Davies (1949). 
When required, samples were taken from the flasks at the 
end for radioactive assay. 

Colorimetric estimation of cholinesterase. This was de- 
veloped from the colorimetric method for acetylcholine 
estimation described by Hestrin (1949), and consisted of 
measurement of the amount of acetylcholine remaining 
after the enzyme had been allowed to act for a fixed time. 
While the method was not as accurate as the manometric 
one, it was found to be very convenient for the rapid assay of 
samples. Reagents required were: Enzyme preparation : the 
stock enzyme preparation (1 ml.) was diluted with barbi- 
turate buffer (19 ml., pH 8-0). Hydroxylamine reagent : equal 
volumes of 3-5N-NaOH and 2mM-NH,OH. HCI (Analar) were 
mixed not more than 3hr. before use. Ferric chloride: 
0:37mM-FeCl,.6H,O (Analar) in 0-1N-HCl. Acetylcholine 
bromide: stock solution as described above (2 ml.) diluted 
with water (5 ml.). Hydrochloric acid: cone. HCl was 
diluted with about twice its volume of water so that the 
mixture used for colour measurement had pH 1+0-2. 

Procedure. The assay was carried out in 6 x 1 in. boiling 
tubes which could be shaken mechanically in a water bath at 
37°. Into each of two tubes were placed 0-6 ml. enzyme 
solution and 0-3 ml. of water, buffer or appropriate blank 
solution. One tube was shaken at 37° for 30 min., and then 
0-1 ml. acetylcholine bromide solution added rapidly from 
an all-glass syringe. After exactly 10 min. the enzymic 
reaction was stopped and the remaining acetylcholine 
‘fixed’ by the addition of 2 ml. of hydroxylamine reagent. 
To the other tube were added 2-0 ml. of hydroxylamine 
reagent followed by 0-1 ml. of acetylcholine solution, in 
order to obtain a measure of the initial concentration of 
substrate. The two tubes were left at least 1 min. (or up to 
5 hr.) and then treated with 1 ml. HCl solution and 1 ml. 
FeCl, solution to form the coloured ferric acethydroxamic 
acid complex. The solutions were rapidly filtered and the 
optical densities measured at 5400A. on a Unicam D.G. 
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spectrophotometer. The assay was done in duplicate and the 
mean difference in optical density between the two pairs of 
tubes was taken as a measure of the cholinesterase activity 
of the enzyme. When the potency of a cholinesterase in- 
hibitor solution was being measured, the procedure above 
was followed except that 0-6 ml. of enzyme and 0-3 ml. of 
inhibitor solution were used. It was shown that the colour 
difference was proportional to the amount of enzyme 
present. 


Radioactivity assay 


Most measurements were made on solutions using a Geiger- 
Miiller liquid counter of the type described by Veall (1948) 
and made by 20th Century Electronics Ltd. All assays were 
made using the ‘counter full’ conditions, and the concen- 
tration of active material in a sample estimated by com- 
parison of count with that of a solution of active Schradan of 
known molarity. After correction for background, the 
counting rate for a given solution was converted back to 
what it would have been at some arbitrary zero time. This 
time was chosen as that when the standard solution gave a 
convenient rate, e.g. 100 counts/min. for the counter filled 
with 10-° solution. 
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Fig. 1. Inhibition of cholinesterases by Schradan. Whole 
rabbit blood cholinesterase: (J, percentage inhibition; 
@ , probit. Human erythrocyte stroma cholinesterase: 
O, percentage inhibition; @, probit. pI is the negative 
log molar concentration of inhibitor. 


Some of the assays on blood were carried out by with- 
drawing 0-1 ml. blood with a blood pipette and absorbing on 
small disks of filter paper fitted into inverted standard 
nickel sample trays. The pipette was washed out with 
0-1 ml. of saline. The disks were then counted under a 
General Electric Company Type G.M.4 end-window 
counter. The standard for comparison was 0-1 ml. of solution 
of known molarity assayed in the same manner. 


RESULTS 


Inhibitory action of Schradan 
on cholinesterases 


The percentage inhibition of the cholinesterases in 
whole rabbit blood and in the human erythrocyte 
stroma preparation, following incubation for 
90min. with different concentrations of pure 
Schradan, was measured manometrically. Controls 
were made to correct for carbon dioxide produced by 
spontaneous hydrolysis of the substrate and, in the 
case of rabbit blood, by cell respiration. The per- 
centage inhibition/log concentration curves were of 
the usual S-type, and after the probit transformation 
(Finney, 1947) give linear regression lines (Fig. 1). 
The concentrations for 50% inhibition are given 
in Table 1. The low inhibitory action of Schradan 


Table 1. Inhibition of cholinesterases by Schradan 


Conen. of Schradan 
Source of for 50% inhibition 
cholinesterase (mM) 


Whole rabbit blood 2-6 x 10-2 
Human erythrocyte stroma 4:5 x 10-? 
Bee brain (Metcalf & March, 1949) >1-2 x 10-3 


compared with the high potency of other compounds 
which are sometimes present as impurities in 
ordinary samples of Schradan, necessitate a careful 
purification of the compound before assay. 


In vivo inhibition of rabbit blood cholinesterase 


A blood sample (5 ml.) was taken from a rabbit, 
either from an ear vein or by heart puncture. The 
animal was then given an intraperitoneal injection 
of radioactive Schradan (50 mg./kg. in mammalian 
Ringer solution, this dose being approx. 5 x LD,»). 
Blood samples (0-1 ml.) were subsequently with- 
drawn from the ear, initially every 5-10 min. and 
then at longer intervals until the death of the animal 
when a final blood sample of 5-10 ml. was taken 
from the heart. Death occurred 2-6hr. after 
injection, and was preceded by the familiar 
symptoms of acetylcholine poisoning seen after the 
administration of anti-cholinesterase drugs (ex- 
cessive salivation, fibrillary twitchings, defaecation, 


‘ muscular weakness and convulsions leading to 


death). 

Radioactive assays were made on the blood 
samples (end-window counter technique) and the 
apparent concentration of Schradan present in the 
blood was calculated on the assumption that all the 
radioactivity observed was due to this compound; 
results from two rabbits are shown in Fig. 2. The 
maximum concentration attained was not essenti- 
ally different from that observed at death. The 
cholinesterase activity of the blood at death was 
compared by the manometric method with that of 
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blood taken before injection, and results from a 
number of experiments are given in Table 2. The 
mean concentrations of Schradan necessary in vitro 
to produce the inhibition observed at death, as 
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Apparent concentration of Schradan in blood (pM.) 
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Fig. 2. Apparent concentration of Schradan in the blood 
of two rabbits following intraperitoneal injections of 
50 mg. radioactive Schradan/kg. (D, death of animal.) 
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given by the curve in Fig. 1, have also been entered 
in Table 2. In some experiments, Schradan was 
added to blood withdrawn before injection at the 
same time as the rabbit was injected, and the 
mixture incubated at 37° until the animal died, 
enabling a comparison to be made of the in vivo and 
in vitro inhibition on the same blood (Table 3). 
A considerable enhancement of activity in vivo has 
occurred. 

In one experiment, a rabbit was injected with 
50 mg./kg. radioactive Schradan and blood samples 
(1 ml.) were withdrawn at intervals until death. 
Radioassays and cholinesterase activity measure- 
ments by the manometric method were made on 
each sample. As the concentration of radioactive 
material in the blood increased, the cholinesterase 
activity fell, until at death (after 222 min.) the 
apparent Schradan concentration was 8-8 x 10-5m 
and the cholinesterase was 93 % inhibited. There was 
some doubt as to whether the injection had been 
intraperitoneal (as intended) or subcutaneous; 
injection by the latter route may account for 
symptoms developing rather more slowly than usual 
and death being delayed. 


Incubation of Schradan with liver slices 


The purpose of these experiments was to see if 
there was any evidence of an enhancement of the 
activity of Schradan following incubation with liver 


Table 2. Cholinesterase inhibition and apparent Schradan concentration in post-mortem rabbit blood, 
following intraperitoneal dose of 50 mg./kg. Results on six animals 


Inhibition of 
cholinesterase in 
post-mortem blood 


Schradan in blood 
by radioassay 


(%) ( x 10-°m) 
98-0 34-7 
95-0 50-4 
93-0 8:8 
93-0 75 
89-0 4:3 
68-0 1-7 


In vitro conen. of 


Apparent conen. of Schradan necessary 


to give observed Enhancement 
inhibition of activity 
(m) in vivo 
0-55 1600 
0-40 790 
0-33 3750 
0-33 4500 
0-24 5700 
0-074 4400 


Table 3. In vivo and in vitro inhibition of whole rabbit blood cholinesterase by Schradan. 
Results on two rabbits 


In vivo 


Results from post-mortem blood 
following dose of 50 mg./kg. 


ry 


Apparent concn. 


Apparent concn. of Schradan during Inhibition 
of Schradan by cholinesterase oO 
radioassay estimation cholinesterase 
(mm) (mm) (% 
0-017 0-0029 68 
0-043 0-0071 89 
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In vitro 
Schradan added to initial blood 
c= ie ~ 
Conen. of 
Concen. of Schradan during Inhibition 
Schradan during _ cholinesterase of 
incubation estimation cholinesterase 
(mm) (mm) %) 
110 44 50 
50 17-5 29 
0-375 0-125 5 
0-75 0-25 0 
1-50 0-50 2-5 





82 


J. E. GARDINER AND B. A. KILBY 





1952 


Table 4. Enhancement of anti-cholinesterase activity of Schradan by incubation with rabbit-liver slices 


(1 g./10 ml. medium for 3 hr.) 


co, Esterase 
Exp. production inhibition 
no. Mixture assayed (y1./min.) (%) 
Aa Supernatant from slices incubated in buffer solution 8-25 _ 
(control for 2 and 3) 
2 Supernatant from slices incubated with Schradan 3-47 57-9 
(3-0 x 10-*M in buffer) 
3 Supernatant from slices incubated with Schradan 1-89 77-1 
(1-45 x 10-?M in buffer) 
4 Buffer solution only (control for 5 and 6) 7-30 _— 
5 Schradan (3-32 x 10-* in buffer solution) 7-21 1-2 
6 Schradan (1-55 x 10-* in buffer solution) 4-98 31-7 
B 7 As (1) above (control for 8) 9-05 _— 
8 As (2) above, but Schradan 1-93 x 10-?mu 2-15 76-3 
9 Buffer solution only (control for 10) 5-62 -- 
10 Schradan (1-93 x 10-? in buffer) 3:35 40-4 
¢ il Supernatant from slices incubated with buffer (control) 5:88 —_ 
12 Supernatant from slices incubated with Schradan 3-73 36-6 
(final conen. 5-5 x 10-4m) buffer 
13 As 12, but Schradan added after incubation 5-52 6-1 
14 Supernatant from slices incubated with Schradan 4-15 29-4 
(2:8 x 10-4m) 
15 As 14, but Schradan added after incubation 5-43 7-6 


slices. Rabbit or rat liver was used, the animal being 
killed by a blow on the head, the liver removed and 
dropped into ice-cold mammalian Ringer solution, 
and subsequently sliced by hand and added to the 
appropriate medium at the rate of 1 g./10 ml. In 
later experiments the mixture was gently shaken 
and a stream of air blown over the surface while 
being incubated at 37°. After a suitable period the 
mixture was centrifuged and the supernatant fluid 
kept at 0° until inhibitory activity measurements 
were made (usually within an hour). The human 
erythrocyte preparation was used as a source of 
cholinesterase in the assays unless otherwise stated. 

The results of three experiments using rabbit- 
liver slices from different animals are shown in 
Table 4. The slices were incubated for 3 hr. and 
1 ml. of centrifuged supernatant fluid assayed by 
the manometric method. The first two experiments 
were similar in their design, but as it was evident 
that the supernatant liquid showed some liver 
esterase activity, the third experiment (C) was 
arranged so that all solutions assayed contained the 
same amount of supernatant fluid from the slices, - 
but differed in their treatment, the Schradan being 
added either before or after incubation and centri- 
fugation of the slices; this comparison was made for 
two concentrations of Schradan. Rat-liver slices 
were used in experiments D, and cholinesterase 
assay was carried out by the colorimetric method. 
The recorded colour value is proportional to the 
amount of acetylcholine split in 10 min. The glucose 
buffer used was Krebs’ Ringer phosphate (pH 7-4), 
containing 0-01M-glucose. Results are shown in 
Table 5. 


Table 5. Enhancement of anti-cholinesterase activity 
of Schradan by incubation with rat-liver slices 


(1 g./10 ml. medium for 3 hr.) 


Esterase 
Exp. Mixture Colour __ inhibition 
no. assayed difference (%) 
D16 Supernatant from slices 0-28 _ 
incubated in glucose buffer 
17 Supernatant from slices 0-07 81 
incubated in glucose buffer 
containing Schradan 
(1-3 x 10-*m) 
18 As (17), but without 0-08 79 
glucose 
19 As (18), but Schradan 0-38 0 


added after incubation 


Stability 


The supernatant liquid from rat-liver slices in- 
cubated with 1-2 x 10-°m-Schradan in buffer gave 
81% inhibition of cholinesterase initially, but no 
inhibition after heating for 10 min. at 100°. Ina 
similar experiment, using 1-91 x 10-?m-Schradan in 
glucose buffer, the inhibition fell from 87 to 3% 
after the same treatment. The active material was 
thus destroyed by this treatment, which was shown 
to have little or no effect on Schradan itself. The 
active material was more stable at 0°, as three 
different samples of supernatants which inhibited 
the enzyme by 97, 87 and 81% initially, after 
keeping for 24 hr. at 0°, gave inhibitions of 86, 65 and 
73 % respectively. 
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Dialysis 

It was considered that further investigation of the 
properties of the active material would be facilitated 
if it could be obtained in a protein-free solution. An 
active extract was enclosed in a cellophan bag and 
dialysed against an equal volume of buffer for 18 hr. 
and assays of inhibition made by the colorimetric 
method (Table 6). The active material had passed 


Table 6. Dialysis of activated Schradan extracts 


Esterase 
Exp. Solution Colour inhibition 
no. assayed difference (%) 
20 Supernatant from slices 0-34 -- 
incubated in buffer alone 
21 Supernatant from slices 0-05 85-5 
incubated with 
2-2 x 10-$m-Schradan 
in buffer 
22 Dialysate from (20) 0-31 — 
23 Dialysate from (21) 0-07 77-5 


through the cellophan, and the dialysate was a 
powerful inhibitor of cholinesterase although the 
concentration of active material in it was only half 
that in the original solution. The slight decrease in 
activity of the control was probably due to the 
elimination of the liver esterase activity. A slightly 
more elaborate experiment was then made in which 
Schradan was added before and after the incubation 
and centrifugation of the liver slices, and the two 
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supernatants dialysed (Table 7). The cellophan used 
was soaked in water before use in order to remove 
traces of soluble material which were found to have 
an inhibitory action on cholinesterase. 


Extractability 


The active material can be obtained in a salt- and 
protein-free aqueous solution by extraction of an 
active dialysed liver-slice extract with chloroform, 
removal of the solvent and solution of the residue in 
water. In a typical experiment an active dialysate 
(30 ml.) which gave almost complete inhibition of 
cholinesterase and which contained 85-8 pg. atoms P 
(by radioactivity assay) was extracted with chloro- 
form (5x18ml.). The extracted solution had 
almost entirely lost its inhibitory activity and the 
content of material had dropped to 3-2 ug. atoms P. 
The chloroform was removed from the extract under 
reduced pressure at room temperature and the 
residue dissolved in water (13-6 ml.); the resulting 
solution again almost completely inhibited the 
enzyme and contained 73-2 ug. atoms P. (Control 
solutions were treated with chloroform in the same 
manner.) Other solvents, such as petrol (b.p. under 
40°), nitromethane and nitrobenzene were tried, but 
little or no inhibitory or radioactive material was 
extracted. 

Stability to acid and alkali 

The effect of exposing the active material for a 
short time to 0-033N-acid or alkali was investigated. 
After 5 sec. the mixture was neuiralized and the 


Table 7. Dialysis of activated Schradan 


(Supernatant I: from 4 g. rat liver slices +30 ml. buffer +1-1 ml. water. Supernatant II: from 4 g. rat-liver slices + 


30 ml. buffer + 1-1 ml. Schradan (5-9 x 10-*M).) 


Exp. 
no. Origin of dialysate assayed 
20 10 ml. of (I) +0-4 ml. water against 
10-4 ml. buffer (control) 
21 10 ml. of (I) + 0-4 ml. Schradan 
(5-9 x 10-?) against 10-4 ml. buffer 
22 20 ml. of (II) +0-8 ml. water against 


20-8 ml. buffer 


Apparent concn. 


Esterase of Schradan from 
Colour inhibition radioactivity 
difference %) (mm) 
0-34 —_ — 
0-34 0 1-52 
0-005 98-5 0-88 


Table 8. Instability of active material in acid and alkaline solution 


Mixture 
Water (1 ml.) + 0-1N-HCl (0-5 ml.) + 0-1N-NaOH 
(0-5 ml.) 
Active extract (1 ml.) + mixture of 0-1 N-HCl (0-5 ml.) 
and 0-1n-NaOH (0-5 ml.) (control) 
Active extract (1 ml.) +0-1N-NaOH (0-5 ml.) and 
later 0-1 N-HCI (0-5 ml.) 


Active extract (1 ml.) +0-1N-HCI (0-5 ml.) and 
later 0-1 N-NaOH (0-5 ml.) 


5 sec. exposure 30 sec. exposure 


ac —_o aH! 

Esterase Esterase 

Colour inhibition Colour inhibition 
difference (%) difference %) 

0-379 — 0-380 — 

0-033 91-5 0-100 73-0 
0-040 89-4 0-160 57-8 
0-334 14-0 0-370 2-5 
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inhibitory power assayed by the colorimetric 
method. A similar experiment was made using a 
different extract but delaying neutralization for 
30 sec. (Table 8). The active material is seen to be 
largely destroyed by the alkali within 5 sec., but is 
slightly more stable towards 0-033N-acid. 


DISCUSSION 


The experimental results show that Schradan has a 
low in vitro anti-cholinesterase activity, but pro- 
duces a fatal acetylcholine-like poisoning in animals, 


CHO, /S 
\,7 
C,H,0” \o—c,H,—N O, (p) 
Ill 
(CH;)N. 40 
P 
(CH,),N 


and that the apparent contradiction can be explained 
by the conversion of the compound in the body into 
some much more potent inhibitor of the enzyme. 
The enhancement of activity can also be produced 
in vitro by incubation of the compound with liver 
slices, suggesting that the liver is involved in the 
alteration of Schradan in the body. The conversion 
into a more active poison would offer an explanation 
of why death is delayed for a few hours after 
injection of a lethal dose, whereas administration of 
certain other organic phosphorus anti-cholinester- 
ases which are highly active in vitro (such as tetra- 
ethylpyrophosphate and dialkyl fluorophospho- 
nates) leads to death within a few minutes. Soon after 
our preliminary communication (Gardiner & Kilby, 
1950a) a paper was published by DuBois, Doull & 
Coon (1950) in which similar findings were made 
quite independently and similar conclusions reached. 
Recent work suggests that other organic phos- 
phorus compounds may undergo a similar enhance- 
ment of activity in vivo. Holmstedt (1951) has 


shown that a linear relationship between the . 


logarithm of the LD;, and that of the concentration 
causing 50% inhibition of cholinesterase in vitro 
holds for certain very active organic phosphorus 
anti-cholinesterases, while for other related com- 
pounds, such as Schradan and bis(dimethylamino)- 
phosphoryl] fluoride, (NMe,),POF, the relationship 
does not hold owing to low in vitro activity, and 
Holmstedt suggests that conversion in vivo may be 
the explanation. Diggle & Gage (1951) consider that 
the inhibition of brain cholinesterase following 
injection into rats of highly purified Parathion (III) 
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is greater than that to be expected from in vitro 
measurements and cannot be ascribed solely to 
Parathion or possible impurities. 

Parathion is isomerized by heat to give (IV), 
which has been shown by Diggle & Gage to be a 
thousand times more active in vitro than Parathion 
itself as an anti-cholinesterase, and it is possible 
that a similar isomerization catalysed in vivo is the 
cause of the enhancement of activity of Parathion 
when injected. It is difficult to see how Schradan 
(V) could isomerize and it would appear that the 
molecule must undergo some other type of chemical 


C,H,;S O 
‘o**5 \¢ 
CH,0” \0—CH,—NO,(p) 


IV 


O N (CH,). 
— 3)e 


P 
fia \N (CH), 


change. In water or alkaline solution, Schradan is 
hydrolysed very slowly (k= 4-7 x 10-* [OH] min." 
at 100°), but more rapidly in acid solution 


(k= 3-6 x 10-3 [H’] min.—! at 25°) 


when the ultimate products of hydrolysis are 
phosphoric acid and a dimethylamine salt (Hartley 
& Heath, 1951). These workers, using radioactive 
Schradan, have shown that the mode of decomposi- 
tion in plants is wholly different. Schradan would 
have a half-life in vitro of over 8 years at pH 4-5-7-0 
(that of plant saps), yet only 10% remained un- 
changed 4 weeks after absorption of the compound 
by a plant in vigorous growth, and up to 50% was 
present as decomposition products. Using a related 
compound, tris-(dimethylamino)-phosphine oxide 
(containing no P—O—P linkage), it was shown that 
the decomposition products containing phosphorus, 
which were present in plants, unlike those from acidic 
hydrolysis, were extractable from alkaline solution 
by chloroform, so that acidic hydroxyl groups on the 
phosphorus atoms could not be present, and it was 
suggested that in plants the enzymic attack is on 
a N—C or C—H and not on a P—O or P—N bond. 
Plants, therefore, appear to contain enzyme 
systems capable of metabolizing Schradan, but it is 
not yet possible to say whether or not the changes 
produced are similar to those taking place in 
mammalian tissues. 

Evidence is accumulating that the organic 
phosphorus compounds inhibit enzymes by a type 
of phosphorylation in which a substituted phos- 
phoric acid residue remains attached to the enzyme 
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molecule. Most of the organic phosphorus enzyme 
inhibitors are acid anhydrides in the broad sense 
(e.g. tetraethylpyrophosphate, dialkyl fluorophos- 
phonates) and contain a bond on the phosphorus 
atom which is ruptured by the enzyme in a nucleo- 
philic substitution reaction (S, 2 type mechanism) 
(Wilson & Bergmann, 1950). Studies with chymo- 
trypsin have shown that when this bond is broken, 
the portion of the molecule containing phosphorus 
joins on to the enzyme while the other part is 
liberated as an anion. Thus, when chymotrypsin is 
inhibited by radioactive diisopropylfluorophos- 
phonate it has been shown (Jansen, Nutting & Balls, 
1949; Jansen, Nutting, Jang & Balls, 1950) that 
one radioactive phosphorus atom and two iso- 
propoxy groups are present in each molecule of 
inhibited enzyme, and one molecule of acid (pre- 
sumably HF) is liberated; while Hartley & Kilby 
(1950) have shown that one molecule of p-nitro- 
phenol is liberated for each molecule of chymo- 
trypsin inhibited by the oxygen analogue of Para- 
thion. On this basis, one would expect the active 
molecule derived from Schradan to contain a bond 
of the high energy type, making the compound a 
more powerful phosphorylating agent and thus a 
more efficient enzyme inhibitor. We consider that 
the activation process may well be the fission of 
the P—O bond and the replacement of the 
—O—P(NMe,), portion by some group X such that 
the P—X bond is a labile and reactive one; it might, 
for example, be an acetate or phosphate group. It 
cannot be a hydroxyl group resulting from a simple 
hydrolytic fission of the molecule into two identical 
halves, as the compound (NMe,),PO(OH) has been 
examined and is stable and devoid of anti-cholin- 
esterase activity ; nor can this be the precursor of the 
active compound as this is not generated from it by 
incubation with liver slices. The instability of the 
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active material in 0-033N-alkali for 5 sec. indicates 
that a labile molecule has been produced. 

The procedure outlined has led to the isolation of 
a preparation which contains the active material 
labelled with **P and present in a salt and protein- 
free solution. It is likely that the highly inhibitory 
material is present only in small amounts in these 
active preparations, and that the major part of the 
radioactivity is due to unchanged Schradan. Some 
of the preparations contained **P in concentrations 
of the order 10-*m without giving complete cholin- 
esterase inhibition, whereas the **P content of 
the blood of rabbits at death after poisoning by 
Schradan, was only about 10-4-10-5M, yet the blood 
cholinesterase was almost completely inhibited. 
Further investigation on the nature of the active 
substance is proceeding. 


SUMMARY 


1. A50% inhibition of whole rabbit blood cholin- 
esterase is caused by incubation for l hr. with 
2-6 x 10-?m-Schradan, bis(dimethylamino)phospho- 
nous anhydride. In spite of this low inhibitory 
action, injection into rabbits leads to death with the 
symptoms of acetylcholine poisoning. 

2. Using radioactive Schradan, it is shown that 
the compound is converted in vivo into some more 
active anti-cholinesterase. 

3. Incubation of Schradan in vitro with rat- or 
rabbit-liver slices leads to a similar enhancement of 
activity. 

4. Theactive material after liver-slice incubation 
can be dialysed into buffer and extracted with chloro- 
form; it is labile and is destroyed by 5 sec. exposure 
to 0-033N-alkali, but is slightly more stable to acid. 

The authors are indebted to the Agricultural Research 
Council for a grant which defrayed the cost of this work. 
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The Role of Ammonia in Ruminal Digestion of Protein 


By I. W. McDONALD 
Agricultural Research Council, Institute of Animal Physiology, Babraham Hall, Cambridge 


(Received 3 August 1951) 


In a previous communication attention was drawn 
to the occurrence in the rumen of the sheep of 
significant concentrations of ammonia (McDonald, 
1948a). It was shown that urea was present in the 
saliva of sheep, and that this was one source of 
ammonia, since Lenkeit & Becker (1938) had demon- 
strated a high urease activity of the micro-organisms 
of the rumen. Evidence was also presented to prove 
that ammonia was absorbed from the rumen into 
the portal blood stream, and, since only mere 
traces of ammonia could be detected in the blood of 
the general circulation, it was concluded that the 
absorbed ammonia was converted by the liver into 
urea; thus a circulation of nitrogen via the saliva, 
ruminal ingesta and liver could be envisaged. 
Further observations which indicate the import- 
ance of ammonia in the turnover of nitrogen in the 
rumen are reported in this paper. 


EXPERIMENTAL 


In all experiments the sheep were fed once daily, but were 
allowed continuous access to water. The simple diets used 
were always adequate to maintain the animals in robust 
health. 

The sheep used in these experiments were provided with 
rumen fistulae, to enable sampling of the rumen contents. 
No means are available for taking a representative sample of 
the rumen contents; this difficulty, which has been discussed 
by Pearson & Smith (1943), is due to the fact that the ramen 
contents are heterogeneous and contain large fragments of 
plant material which are not uniformly distributed through- 
out the entire mass of ingesta. In order to avoid this diffi- 
culty, the analyses recorded here were made on the fluid 
obtained from the rumen contents after straining through 
muslin. The object was to obtain a sample of the rumen 
liquor which would contain the soluble nitrogenous con- 
stituents and the micro-organisms, but not the dietary plant 


fragments. This expedient was not entirely satisfactory, - 


since some of the smallest plant fragments passed through 
the muslin, while large numbers of micro-organisms were 
retained with the plant residues. It was, however, observed 
that samples of rumen liquor obtained from widely separ- 
ated points in the rumen showed the same composition. It is 
also probable that the smallest plant fragments were those 
which had been most thoroughly attacked by the ruminal 
bacteria and hence contributed but little protein to the 
mixture. The most unsatisfactory feature was the loss of 
micro-organisms on the plant residues and thus the reduction 
of the concentration of protein in the rumen liquor. 

The rumen liquor will also contain some protein from the 
saliva, but the concentration of protein in saliva is small in 


comparison with that of the rumen liquor, and since the 
salivary protein would also be susceptible to digestion in the 
rumen, any error from this source was presumed to be 
negligible. 

With these reservations, it may be taken that the protein 
of rumen liquor consists essentially of the protein of the con- 
tained micro-organisms. Indirect evidence in favour of this 
conclusion was found in the very high concentration of 
protein in the dry matter of the rumen liquor; an average of 
nine analyses gave the value of about 50% protein (protein 
N x 6-25) in the dry matter after allowance was made for the 
content of ash and volatile fatty acids. These reservations do 
not, however, preclude the use of analyses of rumen liquor to 
observe the trend of changes in the distribution of nitrogen 
in the rumen in relation to time after feeding, and the 
procedure is certainly valid for the soluble non-protein 
nitrogen (N.P.N.) constituents; only limited conclusions can 
be drawn from the values obtained for protein N. 


Methods 


Total nitrogen was estimated by the Kjeldahl method, 
using the semi-micro technique of Chibnall, Rees & Williams 
(1943). 

Ammonia was estimated by the method of Conway (1947) 
or by distillation of protein-free filtrates with NaOH-borate 
buffer at pH 8-5. The two methods gave excellent agreement 
and were in accord with values obtained by the method of 
Parnas & Klisiecki (1926). 

Non-protein nitrogen (N.P.N.) was estimated as the total N 
in protein-free filtrates obtained either by precipitation with 
ethanol or with dilute acid. It was found that the protein of 
rumen liquor, obtained by filtering rumen contents through 
muslin, could be quantitatively precipitated by dilution 
(1 to 10) and acidification to approximately pH 2-5. 

Protein N was calculated as total N minus n.pP.N.; for 
convenience of description, the N.P.N. was divided into two 
categories, ammonia N and residual N. The components of 
the residual N have not been studied. 


RESULTS 
Meadow-hay diet 


Preliminary observations were made with sheep fed 
an exclusive diet of meadow hay; a graph showing 
the changes in the distribution of nitrogen in the 
rumen liquor is given in Fig. 1. The values shown are 
the averages of three observations on each of two 
sheep. The main features shown by these curves are 
as follows. The N.P.N. consists chiefly of ammonia N, 
while the residual N is always of low concentration. 
Qualitatively, amino-acids could not be detected by 
direct ninhydrin tests or by paper chromatography 
of protein-free filtrates. The rapidity with which the 
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ammonia accumulates in the rumen after feeding 
is a reflexion of the high activity of the micro- 
organisms. Since amino-acids do not accumulate 
in the ingesta, it is apparent that the rate of uptake 
of amino-acids by the microbes from the medium 
exceeds the rate of proteolysis by the proteases 
formed by them, or that they may in addition 
actively deaminate free amino-acids. 
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Fig. 1. Changes in the distribution of nitrogen in the rumen 
liquor of sheep on a diet of meadow hay. Each point 
represents the average of three observations on each of 
two sheep. 


The peak in the curve for ammonia concentration 
does not give an indication of the magnitude of 
total formation of ammonia since this is removed 
from the rumen in several ways: by its utilization by 
bacteria for their growth, by passage in the ingesta 
from the rumen to the omasum and abomasum, and 
by direct absorption from the rumen (McDonald, 
1948a). The relative magnitude of these effects has 
not yet been estimated with accuracy. 


Casein and zein diets 


The close association of the changes of concentra- 
tion of ammonia in the rumen with feeding sug- 
gested that part of the ammonia was derived from 
the proteins of the feed. In order to test this hypo- 
thesis, proteins in suspension were added directly to 
the rumen through a fistula. It was first established 
that a satisfactory base-line could be obtained by 
sampling the rumen contents during the period of 
16-24 hr. after feeding; the control curve in Fig. 2 
shows that during this time the concentration of 
ammonia in the rumen remains virtually constant; 
the factors responsible for the accumulation and 
removal of ammonia have thus come into equi- 
librium. Casein, gelatin and zein were chosen as 
representative proteins on the ground that the two 
former are soluble and readily attacked by pro- 
teinases, while the latter is highly insoluble in 
aqueous media and relatively resistant to proteo- 
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lysis. The results given in Fig. 2 show clearly that the 
addition of 25 g. casein to the rumen was followed 
by a pronounced rise in the ammonia concentration. 
An approximate estimate indicates that the am- 
monia nitrogen formed from the casein represented 
about 20% of the total N added. Since amide N 
comprises only 9-3% of the total N of casein, the 
observed rise in ammonia cannot be due solely to the 
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Fig. 2. Comparisons of the effects on ammonia formation of 
addition of protein suspensions to the rumen of a sheep; 
25 g. of protein were added at the time indicated by the 
arrow. Control curve, no protein added. 


removal of amide groups; it was concluded therefore 
that deamination as well as deamidation reactions 
were responsible for the formation of ammonia. 
This conclusion was supported by the fact that 
similar results were obtained when a solution of 
gelatin, which contains only a trace of amide N 
(Chibnall, 1942), was added to the rumen. 

The direct addition of 25 g. zein to the rumen 
produced no change in the concentration of 
ammonia N in the rumen. This is clearly a reflexion 
of the physical properties of the protein which 
render it so resistant to proteolysis (Laine, 1944). 
Since zein is in fact digested to a considerable extent 
in the rumen (McDonald, 19486) it is evident 
that its rate of digestion is too slow to permit an 
accumulation of ammonia. 

These experiments showed that ammonia could 
be derived from protein in the feed. Observations 
were then made on the distribution of nitrogen in the 
rumen fluid when sheep were fed on partially puri- 
fied diets in which casein or zein comprised the chief 
source of nitrogen. The daily ration was composed 
of protein (casein or zein), 110 g.; starch, 280 g.; 
cellulose, 250 g.; glucose, 80g.; molasses, 40 g.; 
chaffed straw, 150 g. and adjuvants of mineral salts 
and vitamins A and D; the prepared diets were 
found to be palatable and the day’s ration was 
consumed within a few hours. 

The distribution of nitrogen in the rumen liquor 
during feeding regimes with these two diets is 
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shown in Figs. 3 and 4. Again it is clear that the 
soluble casein is readily attacked with the liberation 
of ammonia and of other N.P.N. substances (ex- 
pressed as residual N). The rise in residual N is of 
comparatively brief duration, and after 2 hr. the 
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Fig. 3. Changes in the distribution of nitrogen in the ramen 
liquor of a sheep on a diet in which casein comprised the 
chief source of nitrogen. Each point represents the 
average of three observations. 
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Fig. 4. Changes in the distribution of nitrogen in the rumen 
liquor of a sheep on a diet in which zein comprised the 
chief source of nitrogen. Each point represents the 
average of four observations. 


value begins to decline while the level of ammonia N 
continues to rise for 4 hr. after feeding. In sharp 
contrast is the effect of feeding zein in the diet; the 
ammonia falls to extremely low levels after feeding, 
while the residual N shows no change. This finding 
can best be interpreted as indicating that the rate of 
proteolysis of the zein is slower than the capacity of 
the bacteria to take up the products of proteolysis 
and that in the presence of readily available sources 
of energy (in this case, glucose and starch) the 
organisms use the ammonia as a source of nitrogen 
for growth; later when the growth rate of the 
bacteria declines, the rate of formation of ammonia 
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may exceed the rate of uptake and the concentration 
of ammonia rises slowly to the pre-feeding level. 
Further evidence in support of this view is the 
observation that when starch alone is added to the 
rumen during the late post-feeding stage there is a 
steady decline in the concentration of ammonia; the 
results of an experiment with two sheep are shown in 
Fig. 5. 
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Fig. 5. The influence on ammonia concentration in the 
rumen liquor of addition of starch suspension to the 
rumen of sheep during the late post-feeding phase. 


The relative availability of the two proteins for 
bacterial growth is illustrated in the marked 
difference in the levels of protein N in the rumen 
liquor in spite of the fact that both diets contained 
the same amount of nitrogen. On the zein diet, the 
protein N level in the rumen liquor was approxi- 
mately 55mg./100ml. compared with 110 mg./ 
100 ml. on the casein diet. 


DISCUSSION 


The general purpose of the work reported here was 
to obtain information, both qualitative and quanti- 
tative, on the role of micro-organisms in the 
digestion of protein in the rumen. It has already 
been established by Wegner, Booth, Bohstedt & 
Hart (1940) that the saliva of ruminants containsno 
proteolytic enzymes and it is well known that the 
stratified squamous epithelium of the mucosa of 
the rumen and reticulum possesses no secretory 
glands. It is therefore evident that digestion of 
protein in the rumen can be due only to proteolytic 
enzymes contained in the food or produced by the 


‘ microbes (protozoa and bacteria) which inhabit 


this viscus. In order to eliminate the former as 
a significant factor, preliminary experiments were 
conducted with diets consisting exclusively of 
hay, in which the leaf proteins are denatured by 
the drying of the leaves (Lugg, 1946); under these 
conditions it was considered that little, if any, 
proteolysis could be ascribed to surviving plant 
enzymes. By contrast, the rumen supports an 
extremely large population of microbes; Van der 
Wath & Myburgh (1941) recorded protozoal counts 
exceeding 2 millions/ml. of rumen contents, and 
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Gall, Burroughs, Gerlaugh & Edgington (1949) 
found bacterial counts exceeding 50 x 10°/g. ofrumen 
contents. Since this dense population of microbes is 
maintained in spite of continuous passage of ingesta 
from the rumen, it is evident that a significant 
fraction of the nitrogen of the host’s diet must be 
digested and utilized by the microbes for their own 
growth. The presence of highly active proteinase, 
considered to be of microbial origin, in the ruminal 
contents was demonstrated by Sym (1938), who used 
casein as substrate for in vitro tests. There is little 
reason to doubt that, for all practical purposes, the 
whole of the digestion of protein in the rumen is 
effected by micro-organisms. 

In the general physiological economy of the 
ruminant, the essential function of the ramen may 
be envisaged as the digestion of cellulose and other 
carbohydrates for which the animal does not 
produce digestive enzymes; other changes in the 
rumen can be considered as coincidental to this 
function. In this respect, the anatomical arrange- 
ment of the digestive organs, which provides for the 
microbial digestion of cellulose prior to the operation 
of the animal’s own enzymic secretions, confers on 
the ruminant a more efficient mechanism than is 
found in other herbivores, in which the bacterial 
degradation of cellulose follows the activity of the 
gastric and intestinal secretions. The digestion of 
cellulose requires the provision by the host animal of 
an environment in which the cellulose-splitting 
bacteria may thrive; this environment is provided 
in the rumen with a high degree of regulation 
(Phillipson, 1946), with the result that a population 
of bacteria and protozoa in very large numbers is 
maintained. This population requires a suitable 
and adequate supply of nitrogen; under normal 
feeding conditions, most of the nitrogen in the 
animal’s diet will be comprised of protein, but other 
nitrogenous substances will always be present. For 
none of the natural feeds are complete analyses 
available for the distribution of nitrogenous sub- 
stances; in some cases it is known that amides or 
free amino-acids contribute to the N.P.N. fraction, 
but most natural feeds will contain a variety of 
N.P.N. substances in other forms. 

Since so many organisms are capable of using 
ammonia as the sole or part source of nitrogen for 
growth, and since ammonia is also the chief nitro- 
genous end product in the breakdown of proteins 
by bacteria (Stephenson, 1949), it is scarcely sur- 
prising that ammonia should figure so prominently 
in the nitrogen metabolism of the rumen. Shazly 
& Synge (1950) have demonstrated the marked 
capacity of ruminal bacteria to deaminate amino- 
acids ; when suspensions of the washed bacteria were 
incubated with acid-hydrolysed casein, up to 35% 
of amino-acid N appeared as ammonia. In addition, 
the rumen bacteria possess desamidase which 
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actively produces ammonia from asparagine and 
glutamine (author’s unpublished experiments). 
It is quite probable that some others of the N.P.N. 
substances occurring naturally in fodders may be 
degraded with the formation of ammonia, and to the 
degree that this occurs, these substances would 
contribute to the turnover of nitrogen in the ramen 
in exactly the same way as at least part of the amino- 
acids and amides. The available data are too in- 
adequate to evaluate these processes. 

It has now been established that the ruminant can 
survive on a diet in which virtually all the nitrogen 
is supplied in the form of urea (Loosli, Williams, 
Thomas, Ferris & Maynard, 1949), which is con- 
verted in the rumen into ammonia, but it is evident 
that a normal population of micro-organisms is not 
maintained in the rumen on such a diet (Gall, 
Thomas, Loosli & Huhtanen, 1951). It seems likely 
that many of the ruminal species are exacting 
in their requirements for amino-acids and that 
a diet which supplies little or no nitrogen in the form 
of protein or amino-acids, would lead to the dis- 
appearance of the exacting species and the survival 
or establishment of species which can use ammonia 
as the sole source of nitrogen. 

The formation of ammonia in the rumen leads to 
two opposing nutritional tendencies. First, since 
substances such as urea, which are nutritionally 
valueless to the host, can be converted to ammonia 
and utilized for growth of bacteria, that is for syn- 
thesis of protein, which can be subsequently digested 
and used by the host, a gain of nitrogen accrues to 
the host animal. By contrast, the degradation of 
protein to ammonia, which can be directly absorbed 
from the rumen, implies a source of loss of nitrogen 
to the host animal. The interaction of these opposing 
tendencies is probably a major factor leading to the 
relative constancy of the biological value of food 
nitrogen (crude protein) for ruminants (Johnson, 
Hamilton, Mitchell & Robinson, 1942). 

A provisional outline of the main events concerned 
in the digestion of protein in the rumen may be 
given as follows. Under ordinary conditions of 
feeding, the nitrogen entering the rumen will 
comprise chiefly protein together with varying 
amounts of non-protein nitrogenous substances as 
peptides, amino acids, amides, purines, pyrolles, 
simple bases such as choline and the betaines, 
inorganic N as ammonia, nitrates and nitrites, and 
traces of other substances. The nitrogenous bases 
and amino compounds may be deaminated while 
nitrates and nitrites are reduced to ammonia 
(Lewis, 1951). Ammonia is also produced by the 
degradation of proteins. In addition, small but 
significant amounts of nitrogen are added to the 
rumen contents by the saliva, in which the most 
important component is urea, which is readily con- 
verted into ammonia. Ammonia is utilized by the 
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micro-organisms for growth, together with amino- 
acids produced by the activity of the bacterial 
proteases. Protein leaving the rumen by passage in 
the ingesta to the more distal parts of the gastro- 
intestinal tract consists of a mixture of undigested 
food protein and the protein of the micro-organisms. 
The ratio of these two forms of protein in the ingesta 
leaving the rumen has not yet been determined under 
any natural feeding conditions, but McDonald 
(19485) has reported the extent of conversion of zein 
to microbial protein in sheep fed a partially purified 
diet. Ammonia is absorbed from the rumen and in 
part may return to the rumen, after passage through 
the liver, by secretion as urea in the saliva, while in 
part it would be excreted in the urine as urea. Some 
of the nitrogen utilized by the ruminal micro- 
organisms for growth would appear as nucleic acids 
(and other non-protein substances) which are 
probably of very limited, if any, value to the host 
animal. The biological value of protein or of any 
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other nitrogenous substance in the diet of a rumi- 
nant will be determined, in part, by the degree to 
which it is attacked and utilized by the ruminal 
micro-organisms. 


SUMMARY 


1. In the rumen fluid, ammonia constitutes 
the main component of the non-protein nitrogen, 
when the animal is fed natural diets or a diet 
in which casein is the main source of nitrogen. 
The insoluble protein, zein, is only slowly digested 
in the rumen. 

2. Indirect evidence suggests that ammonia 
represents an important intermediate in the 
digestion of dietary protein and its utilization by 
the symbiotic micro-organisms of the rumen for 
their growth. 

3. The implications of these observations on the 
role of micro-organisms in the digestion of protein in 
the rumen are discussed. 
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Effect of Haemoglobin and other Nitrogenous Compounds 
on the Respiration of the Rhizobia 
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Departments of Biochemistry and Bacteriology, University of Wisconsin, 
Madison, U.S.A. 


(Received 7 August 1951) 


Kubo (1939) established that the red pigment in 
leguminous root nodules is a haemoprotein with 
absorption characteristics almost identical with 
animal haemoglobin, and that the addition of the 
pigment to a suspension of soybean organisms en- 
hanced their oxygen uptake on succinate. Ina paper 
published in 1943 by Kasugai, Kubo & Tsujimura, 
but only recently available, these initial obser- 


vations were extended to include pure cultures of the 
root nodule and other bacteria. The stimulation by 
haemoglobin was blocked by hydroxylamine, which 
combines only with ferric iron; this inhibition is 
surprising if the haemoprotein were merely oxy- 
genated and deoxygenated, for the iron would then 
remain in the ferrous state. Despite this observed 
effect of hydroxylamine, Kasugai et al. concluded 
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that the function of the haemoprotein in the nodule 
is to store and transport molecular oxygen, a view 
independently proposed by Little & Burris (1947), 
who had extended the observations to stimulation 
of the respiration of a variety of organisms— 
Rhizobium trifolii, Escherichia coli and Torula 
canadensis. The stimulation was especially marked 
at a P,, of 0-01 atm. and was eliminated if the 
haemoprotein was denatured by heating. 

Smith (1949), in a careful reinvestigation of the 
problem, noted that the respiration of intact 
nodules on the plant and excised whole and sliced 
root nodules was not inhibited by carbon monoxide, 
and on the basis of this and other evidence he con- 
cluded: ‘The effect of haemoglobin in this and 
probably in the other experiments, including those 
at the low partial pressures of oxygen, is not con- 
nected with its ability to undergo oxygenation. 
A probable explanation is that R. trifolii and many. 
other bacteria are able to break down haemoglobin 
and use it as a nitrogen source, so that in the 
presence of haemoglobin, the bacteria change over 
from a rate of oxygen uptake corresponding to a 
resting metabolism to a higher rate characteristic of 
a proliferating metabolism.’ 

Data gathered by us some years ago (Burris, 
1940) and mentioned briefly in the review by Burris 
& Wilson (1939), together with some recent experi- 
ments with haemoprotein on the respiration of the 
rhizobia, are presented here in an examination of 
this conclusion of Smith. 
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EXPERIMENTAL METHODS 


Effect of amino-acids. Various species of R. trifolii were 
grown in litre Roux flasks at 28° on a medium containing 
10 g. Difco yeast extract (or 100 ml. of a hot water extract of 
fresh yeast),0-5g. K,HPO,, 0-1g. NaCl, 0-2g. MgSO,.7H,0, 
05g. CaCO,, and 20 g. agar, per litre. Iron was supplied 
at 3 yg./ml.; the medium was adjusted to pH.7-0. 
The fast-growing cultures were incubated for 2 days, the 
slow-growing cultures (soybean and cowpea organism) for 
4 days. The cells were removed with a glass rod from each 
bottle of culture after about 10 ml. of the salt solution of 
Allison & Hoover (1934) had been added; then lumps of agar 
were removed from the suspension by filtration through 
cheesecloth. The cells were centrifuged, twice resuspended 
and recentrifuged, and finally stored at 3° suspended in the 
solution of Allison & Hoover. 

Measurements were made in Warburg respirometers at 
34°. Unless otherwise stated, the Warburg flasks contained 
1 ml. of 0-066 mM-phosphate buffer, pH 6-5, 1 ml. of bacterial 
suspension, 0-5 ml. of 0-04m-substrate and 0-5 ml. of in- 
hibitor, stimulator or water; 0-15 ml. of 20% KOH was 
placed in the central alkali well. 

Effect of haemoglobin. Haemoglobin prepared from hog 
blood by the method of Welker & Williamson (1920) was 
dialysed before use. Heat-denatured haemoglobin was used 
in control flasks; a haemoglobin solution was denatured by 
placing it in a boiling-water bath for 1 min., homogenizing 
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with a Potter-Elvehjem homogenizer (Umbreit, Burris & 
Stauffer, 1949, p. 136), heating again for 1 min. and again 
homogenizing. Tests with haemoglobin were made at 30° in 
respirometer vessels of 6-8 ml. capacity. The main chamber 
of the vessel contained 0-5 ml. 3% glucose and 0-5 ml. 
haemoglobin, denatured haemoglobin or water; 0-5 ml. of 
cell suspension in 0-1m-phosphate buffer of pH 7-3 was 
placed in the side sac, and 0-05 ml. 20% KOH was placed in 
the centre well. These solutions corresponded to those used 
by Smith (1949). Gas mixtures were made from air and tank 
gases. When mixtures with a Po, of 0-01 atm. were desired, 
water was displaced from two water-filled gas bottles with 
high purity N, ; 5% of the atmosphere of one bottle was then 
replaced with tank CO. The two bottles were then connected 
with a T-tube and 0-05atm. was removed simultaneously 
from both; when this was replaced with air the gas mixtures 
in the bottles had a Po, of 0-01 atm. Such a procedure 
assured that the same percentage O, would be present in 
both gas mixtures. Analysis of two such mixtures in the 
respirometers indicated that the mixture with CO had 
1-32% O, and the mixture without CO had 1-30 % O,. 
Respirometer vessels were gassed from these mixtures as 
described by Umbreit et al. (1949, p. 44). 
RESULTS 
Effect of amino-acids 

Table 1 presents data on the effect of nitrogenous 
compounds on the respiration of root-nodule 
bacteria representing four cross-inoculation groups. 
It is evident from the table that Rhizobium meliloti 
100, R. trifolit 205 and 209 and R. leguminosarum 
317 respond in a reasonably similar manner to the 
compounds tested, although strains 100 and 317 
respond less vigorously than 205 and 209. Com- 
pounds which are especially stimulatory include 
the amino-acids glycine, alanine, aspartic acid, 
glutamic acid and arginine, the dipeptide glycyl- 
glycine, and the amide asparagine. The mixture of 
amino-acids from casein hydrolysate is distinctly 
more stimulatory than single amino-acids. Inter- 
mediate and rather uniform responses were ob- 
tained with the alpha amino-butyric, -valeric and 
-caproic acids. Cysteine, glycine anhydride, cal- 
cium nitrate and sodium nitrate stimulated slightly 
or were inhibitory. Except for strain 602 the re- 
sponse with ammonium nitrate, the best inorganic 
stimulator tested, was comparable to that obtained 
with the more active amino-acids. The apparent, 
more striking, stimulation of the cowpea organism 
on amino-acids can be attributed to the fact that 
glucose is a poor substrate for this culture; hence 
any direct oxidation of the added amino-acid 
appears as a great stimulation. 

Initially (first hour) the stimulation was inde- 
pendent of the concentration of the added nitro- 
genous compound. With ammonium nitrate, for 
example, the following stimulation was noted: 
0-02m, 45%; 0-01m, 48%; 0-001m, 40%. Similar 
data were obtained with aspartic acid. The 
total stimulation (total oxygen uptake in 3-5 hr.) 
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Table 1. Effect of nitrogenous compounds on the respiration of the rhizobia supplied with glucose 


(All figures as percentage stimulation over respiration on 


0-0066 m-glucose alone. Negative values indicate inhibition. 


Nitrogenous compounds in 0-001M concentration. go, indicates oxygen uptake in yl./mg. bacterial N/hr.) 


Strain of organism* 


—_—_—_—_—_—_—_—_—_—_—_—_—_—_—_—oo—— 


Nitrogen compound 100 
Glycine 21 
Alanine 19 
Aspartic acid 14 
Asparagine 22 
Glutamic acid 15 
Leucine ll 
Aminobutyric acid 22 
Aminovaleric acid 16 
Aminocaproic acid 16 
Aminocaprylic acid 5 
Cysteine -13 
Histidine 5 
Arginine 31 
Tryptophan -2 
Glycylglycine 25 
Glycine anhydride — 
1/1200 dry wt. casein hydrolysed 35 
NH,NO, 9 
Ca(NOs)o -3 
(NH,),.HPO, -1 
(NH,),SO, 1 
NaNO, -2 
Jo, on glucose 454 


205 209 317 602 
35 43 15 24 
30 33 23 35 
24 27 14 lll 
43 32 22 232 
40 39 13 137 
23 21 7 58 
25 21 13 158 
26 21 10 87 
26 22 17 125 
23 8 9 146 
-9 -8 8 -6 
26 33 16 -5 
30 30 il -6 

8 12 0 29 
29 26 27 41 

-1 2 1 8 
80 40 31 217 
30 37 16 -8 
-6 -2 4 -5 
20 28 20 -12 
25 21 21 -6 
-1 7 3 —20 

319 461 442 192 


* R. meliloti 100; R. trifolii 205 and 209; R. leguminosarum 317; Rhizobium sp. (cowpea) 602. 


Table 2. Oxidation of glucose by Rhizobium trifolii 205 in the presence and absence of glycine 


Uptake of oxygen 
Glucose used 
o_o From Oxidation 
O, equiv. glucose of glucose 
Substrate mg. (ul.) pl. (pl.) (%) 
First hour 
Glucose 1-089 813 436 436 54* 
Glucose plus glycine 0-675 504 553 4777 95 
Second hour 
Glucose 1-617 1208 192 192 16 
Glucose plus glycine 0-948 708 477 385 54 


0-0066m-Glucose and 0-01m-glycine 


* (O, from glucose x 100)/(O, equiv. of glucose disappearing). No corrections for endogenous respiration. 
+ Calculated from observed minus that equivalent to glycine oxidized based on NH,-N liberated: first hour, 76 pl. 0,; 


second hour, 92 pl. O,. 


likewise was relatively independent of the concen- 
tration within rather wide limits. With glycine the 
total stimulation was approximately 400 yl. O, 
between concentrations of 0-004 and 0-02m. Below 
and above this range the total stimulation decreased 
rapidly, although the initial stimulation of about 
40 % was observed in concentrations ranging from 
0-00033 to 0-5m. Stimulation of young cultures 
(24 hr.) was usually somewhat greater than that of 
older, but this may reflect only that the overall 
metabolism is greater in young cells. 

Burris & Wilson (1939) reported that stimulation 
is evident almost immediately upon the addition of 
amino-acids. Since this point is of some importance 


in the argument that the observed response cannot 
be attributed to proliferation of the cells, the ex- 

‘periment was repeated. A heavy suspension of 
R. trifolii was used so that accurate readings could 
be obtained at 4 min. intervals. After a preliminary 
period to determine the rate of oxygen uptake on 
glucose alone, the nitrogenous compounds were 
added from the side arms. A slight lag was observed 
in the response at the 4 min. reading, but by 8 min. 
the final rates had been attained. 

Mechanism of action. To gain an insight into 
possible mechanisms of stimulation by amino-acids, 
analyses were made at intervals in an experiment 
with R. trifolii 205. It appears that the following 
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Table 3. Oxidation of glucose and glycine alone and together by Rhizobium trifolii 205 


(Ali values for initial 120 min. of experiment and based on content of single Warburg flask containing 1 ml. 0-066 m- 
phosphate buffer, pH 6-5, 0-5 ml. 0-06m-glycine solution (or water), 0-5 ml. 0-04M-glucose solution (or water), 1 ml. 
suspension in side arm. Theoretical oxygen equivalent of glucose added: 2688 ul. Oxygen equivalent of amino-acid dis- 


appearing based on complete oxidation of carbon in glycine.) 


a-Amino N disappearing 
A. 


0. ass 





NH,-N appearing 


2 + . 
uptake O, equiv. O, equiv. 
Substrate (ul.) pmol. (ul.) pmol. (pl.) 
Glucose 538 -— — pS ss 
Glycine 272 8-58 288 10-0 336 
Glucose plus glycine 819 7-95 266 5-6 188 


reactions may be important: (a) sparing of glucose 
by oxidation of glycine; (b) oxidation of glycine with 
liberation of ammonia; (c) stimulation of oxidation 
of both glucose and endogenous substrates by the 
ammonia. It is difficult to assign a quantitative 
value to each of these, but an estimate of their 
importance can be obtained from the data in Table 2. 
During the first hour the stimulation of uptake of 
oxygen by the presence of glycine was 117 yl.; an 
uptake of only 76 pl. would be needed for complete 
oxidation of the glycine calculated from the 
ammonia liberated. The corresponding figures for 
the second hour were 285 and 92 yl. 

These data, suggesting an increased oxygen 
uptake from glucose, could result from a sparing 
action of the glycine on the glucose in the sense that 
the oxidation of the amino-acid decreases the 
quantity of glucose that is oxidatively assimilated. 
A quantitative estimate of this effect is given by the 
percentage of glucose that disappears accounted for 
by the oxygen used (last column of Table 2). That 
the oxidation of endogenous substrates as well as the 
glucose may be stimulated by the simultaneous 
oxidation of glycine is indicated by the following 
observation: during this trial in 150 min. the 
oxidation of glycine required 7061]. of oxygen, 
whereas the endogenous respiration was 202 yl. The 
difference, 504 yl., is considerably higher than the 
value of 445 yl. calculated from the 13-2 umol. of 
ammonia liberated from the glycine. 

The foregoing interpretation is not unequivocal, 
however, since the quantity of glycine that dis- 
appears has been calculated from the ammonia 
appearing, clearly a minimum value, as part of the 
liberated ammonia may have been subsequently 
assimilated. Another experiment was made, there- 
fore, in which both ammonia appearing and amino 
nitrogen disappearing were followed. As in the first 
experiment ammonia N was liberated less rapidly in 
the presence of glucose, but the rate of disappearance 
of «-amino N was not affected (Fig. 1). Moreover, 
the data on uptake of oxygen summarized in Table 3 
are consistent with the view that the observed 
stimulation in respiration arises from the simul- 
taneous and independent oxidation of glycine and 


glucose. This simple interpretation, however, dis- 
regards the role of the endogenous respiration and 
the marked difference in the ammonia found in the 
presence and absence of glucose. The endogenous 
respiration was 106 yl. O, in 120 min. The ammonia 
found when glycine alone was the substrate was 


Glucose + 
glycine “A 












NH,-N/flask 
(mg.) 
2 
S 


Glucose + 
glycine 

a 3 4 
Time (hr.) 


a 
oo 


©) uptake (jzl.) 


ty. Glycine 


00-30 
400 0-20 
0-10 
= } ~~. oo 
ie a Time (hr.) 
o Lie” 
1 2 3 2 
Time (hr.) 


Fig. 1. A, effect of glycine on the oxidation of glucose. 
B, release of ammonia N from glycine in the presence and 
absence of glucose. C, disappearance of «-amino N in the 
presence and absence of glucose. 


1-42 pmol. greater than the amino N that dis- 
appeared, whereas in the presence of glucose it was 
1-35 pmol. less. A reasonable explanation appears 
to be that the excess ammonia arises from endo- 
genous respiration and the deficiency from assimila- 
tion of liberated ammonia—an assimilation that is 
accompanied by a stimulation in oxygen uptake. 
The slight increase in the rate of oxygen uptake 
evident in the glucose plus glycine curve during the 
first 2 hr. (Fig. 1A) supports this view. This slow 
increase in rate attributable to growth during the 
2 hr. period, however, is not to be confused with the 
quantitatively much greater stimulation which 
appears almost immediately on the addition of 
various nitrogenous compounds. 
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y ; of the lines the values for rates of oxygen uptake 
Effect of haemoglobin given in the legend of the figure a chicuall 
The data in Fig. 2 summarize the results of an Several conclusions can be drawn from these 
experiment designed to repeat the tests of Smith results which agree with the parallel data of Smith; 
(1949) in which the significant observation wasmade however, our experiment includes additional tests 
that haemoglobin even in the presence of excess at alow Po, First, the percentage stimulation of 
carbon monoxide stimulated respiration of the root- oxygen uptake is somewhat greater at the lower 
nodule bacteria. Each point on the graph represents P,,. With horse haemoglobin, Smith noted that the 
an average reading from two flasks. From theslopes stimulation of oxygen uptake was 111% at a Po, 
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Fig. 2. Effect of hog haemoglobin on the oxygen uptake of Rhizobium leguminosarum. tk 
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, O, uptake to appropriate a 

Curve Added solution Atmosphere (yl./hr.) control be 
A Water Air 99 100 

B Haemoglobin Air 182 184 |= 

C Haemoglobin Air with Pog 0-05 186 188 Fi 

D Water Po, 9-01 32 100 | Es 

E Haemoglobin Po, 0-01 85 266 an 

F Denatured haemoglobin Po, 9°01 47 147 pe 

G Water Po, 0-01, Poo 0-05 ee 97 
H Haemoglobin Po, 9-01, Poo 0-05 47 147 ex! 


£ Denatured haemoglobin Po, 9-01, Peo 0:05 36 113 mu 








Vol. 51 
of 0-01 atm. as compared with 35% at a Po, of 


0:20 atm. Second, a Poo of 0-O05atm. in air 
(Po,, 0°20 atm.) does not reduce the stimulation 
by haemoglobin, but in an atmosphere with a Po, 
of 0-01 atm., carbon monoxide does reduce the 
observed stimulation. Third, in contrast with the 
results found by Smith (1949) the heat-denatured 
haemoglobin we have used in these experiments did 
not inhibit oxygen uptake. This point is important, 
since if such inhibition occurs it could explain the 
results of Little & Burris (1947) as arising from a 
faulty control. In the particular experiment shown 
in Fig. 2 the denatured haemoglobin was, if any- 
thing, stimulatory (although much less than the 
undenatured haemoglobin), but in other trials 
denatured haemoglobin exerted neither definite 
stimulation nor inhibition of respiration in either 
air or at a Py, of 0-01 atm. Finally, in agreement 
with the findings of Smith, we have noted that 
carbon monoxide per se at a Pog of 0-05 atm. has 
little inhibitory effect on the rate of oxygen uptake 
in the absence of haemoglobin. 

A single test was made on the influence of the 
P,, on the stimulation of respiration by amino- 
acids, but no consistent correlation was observed. 


DISCUSSION 


In seeking to interpret the results of the various 
investigations of the role of haemoglobin in nitrogen 
fixation by leguminous plants, fortunately, few 
serious disagreements exist among the experi- 
mental findings. Haemoglobin definitely stimulates 
respiration of the root-nodule bacteria, but this 
stimulation is non-specific as demonstrated by 
tests with other bacteria. It appears unlikely that 
the observed stimulation can be associated with an 
oxygenation process in view of the results with 
carbon monoxide noted by Smith and confirmed in 
this paper. The inhibition of the stimulation by 
hydroxylamine reported byKasugai et al. might also 
be included as evidence for rejection of the explana- 
tion based on oxygenation. 

If haemoglobin is not performing its usual role, 
the proposal of Smith that the stimulation arises 
from an effect of nitrogenous compounds in changing 
the metabolism from that of resting cells to that of 
proliferating cells deserves serious consideration. 
In recent years, several reports have appeared 
demonstrating that the respiration of various 
bacteria is increased in the presence of nitrogenous 
compounds, including ammonia. Armstrong & 


Fisher (1947) observed that when young cells of 
Esch. coli were supplied with ammonium chloride 
and a source of carbon, their rate of oxygen con- 
sumption increased until the ammonium ion was 
exhausted, then the rate fell to 45% of the maxi- 
mum. McLean & Fisher (1947, 1949) found that 
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an increased rate of respiration was proportional to 
the conversion of ammonia to cellular nitrogen 
in Serratia marcescens and concluded that ‘the 
bacterial protoplasm consumed oxygen at two rates, 
depending upon whether it was actively growing or 
was in a resting condition’. 

In the response of the rhizobia to the added 
sources of nitrogen, ‘growth’ in the usual sense can 
be ruled out, since: (a) the response is immediate, 
whereas the usual generation time of the organism is 
2-3 hr. ; (b) the quantity of nitrogen added is small— 
about 25 wg. in comparison with the 1200 ug. present 
in the suspension; (c) the uptake is essentially 
linear with no indication of logarithmic growth. 
When observations are extended over a long period, 
some increase in the rate is observed (Fig. 1.4), but 
this increase is small and distinct from the increase 
observed immediately after addition of the source of 
nitrogen. Apparently many washed bacterial cells, 
including the rhizobia, devoid of a source of 
nitrogen carry on a resting metabolism of non-nitro- 
genous substrates, and when a nitrogenous com- 
pound is supplied they immediately assume a more 
rapid metabolism. As has been demonstrated in this 
paper, with the rhizobia this stimulation may arise 
primarily, though not exclusively, from simul- 
taneous oxidation of an added source of carbon when 
an amino-acid is used as the nitrogenous compound. 
Obviously, this is not the explanation when the 
compound is inorganic. The response other than 
simple oxidation can be ascribed to a ‘growth 
process’, however, only in a special sense, as it 
essentially does not increase with time. It may be 
preparatory for an increase in size and number which 
follows some time later—one cannot help noticing 
that the effects resemble the so-called specific 
dynamic action of proteins and amino-acids in the 
animal cell rather than true growth. 

Although this effect of nitrogenous compounds in 
stimulating respiration is an attractive explanation 
of the results obtained with haemoglobin and the 
rhizobia, it leaves several experimental facts un- 
explained. First, it must be assumed that native 
haemoprotein will serve as a nitrogen source for the 
rhizobia, but heat-denatured haemoprotein will not. 
The fact that the proteolytic enzymes of the rhizobia 
are extremely weak (Berger, Johnson & Peterson, 
1938) makes it improbable that they would use either 
form of the intact protein. Dialysed egg white was 
not active in stimulating respiration. Secondly, the 
curious fact remains that at a low Po, the effect of 
haemoglobin is enhanced (Little & Burris, 1947). In 
a single experiment reported by Smith (1949) the 
percentage stimulation in uptake of oxygen was 
over 3 times as great at a P,, of 0-01 atm. as at 
0-20 atm. In limited trials we were unable to ob- 
tain a similar effect with a low P,, on stimulation 
of respiration by amino-acids. Finally, although 
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carbon monoxide does not inhibit the stimulation 
when the experiments are made at a Po, of about 
0-20 atm., it does appear to inhibit when the Po, is 
0-01 atm. This effect may be important in the soil, 
where the P, is considerably lower than in air. 

In summary, the observed stimulation of respira- 
tion by haemoglobin apparently does not involve 
its acting as a carrier of molecular oxygen, but 
neither does it appear to be an experimental arti- 
fact. Its action may require a change in valence of 
the iron, but whether this change is directly associ- 
ated with nitrogen fixation or indirectly through 
respiration is as yet unresolved. In either case the 
mechanism remains obscure. Although the view 
that haemoglobin in the nodule participates directly 
in the fixation reaction has considerable indirect 
support, its plausibility would be materially in- 
creased if the possibility of an effect on respiration 
could be eliminated. At present the best outlook for 
this appears to be the resolution of the difficulties 
just discussed. 





SUMMARY 


1. Certain amino-acids and inorganic nitrogen 
salts increased the respiration of washed suspensions 
of root-nodule bacteria furnished with glucose. This 
stimulation was immediate and did not increase 
appreciably with time during the period of measure- 
ment (up to 4 hr.). 

2. The initial increase in rate was constant over 
a wide range of concentrations, but the total in- 
crease of oxygen uptake was dependent upon the 
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concentration of nitrogenous compound supplied. 
Young cells were stimulated somewhat more than 
old cells. 

3. In the presence of glycine, the uptake of 
oxygen by Rhizobium trifolit furnished with glucose 
was more rapid than in its absence; much, though 
not all, of this stimulation apparently arises from 
oxygen used in the oxidation of the glycine. 

4. The respiration rate of washed cells of R. 
leguminosarum supplied with glucose was enhanced 
by the addition of hog haemoglobin. The percentage 
increase was greater at a P,, of 0-01 atm. than at 
0-20 atm. A Poo of 0-05 atm. did not reduce this 
stimulation at a P,, of 0-20 atm. but did so at a Po, of 
0-01 atm. Heat-denatured haemoglobin had little 
influence on the rate of oxygen uptake. 

5. Even though the respiration of the rhizobia is 
enhanced by added nitrogenous compounds, the 
assumption that haemoglobin increases respiration 
by the same mechanism does not necessarily follow. 
Certain experimental findings are inconsistent with 
this explanation. 

6. Although direct participation of the nodular 
haemoglobin in the nitrogen-fixation reaction 
appears to be an attractive and plausible function, 
examination of the evidence to date suggests that 
other alternatives have not been eliminated. 


Published with the approval of the Director of the 
Wisconsin Agricultural Experiment Station. Supported in 
part by grants from the Rockefeller Foundation, and the 
Research Committee of the Graduate School from funds 
provided by the Wisconsin Alumni Research Foundation. 
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The Characterization and Assay of Enzymes in Rat Adrenal Cortex 
1. ESTERASE AND PHOSPHATASE ACTIVITIES 


By J. J. GORDON 
Biochemical and Endocrinological Research Department, Bristol Mental Hospitals, 
Fishponds, Bristol 


(Received 10 July 1951) 


There is evidence that significant changes may take 
place in the activities of enzymes present in secreting 
glands under the influence of regulatory hormones. 
Gutman & Gutman (1938) reported increases in the 
acid phosphatase activity of prostate during the 
development of the epithelia induced by testo- 
sterone. According to Fuenzalida (1949), prolonged 
oestrogen treatment causes an increase in alkaline 
phosphatase activity in guinea pig uterus. Large 
increases in arginase and alkaline phosphatase 
activities in the mammary gland during lactation 
have been found by Folley & Greenbaum (1947). 

Evidence regarding the nature of similar changes 
taking place in the adrenal cortex has been largely 
histological. Characteristic alterations in lipid 
metabolism in this gland in the rat, following hypo- 
physectomy, were indicated by the work of Reiss, 
Balint, Oestreicher & Aronson (1936). Variations in 
alkaline phosphatase content under different endo- 
crine conditions have been investigated in the mouse 
and rat by Elftman (1947) and by Dempsey, Greep & 
Deane (1949). Chemical studies, however, have 
so far been limited, though isolated observations, 
sometimes of a qualitative kind, have from time 
to time been reported. The presence of a lipase 
(i.e. tributyrinase) in the tissue was demonstrated 
by Cheboksarov & Malkin (1927) and by Scoz & 
Mariani (1939); this would seem to be of import- 
ance in relation to the lipid changes observed by 
Reiss et al. (1936). Chemical proof of the existence 
of an adrenal cortical phosphomonoesterase has 
also been furnished (Granger & Bessoles, 1945). 

A knowledge of the properties of the various 
enzyme systems present in the adrenal cortex, and 
the manner in which they are influenced by different 
endocrine factors, may be important in connexion 
with the processes governing the secretory activity 
of the gland. Investigations on these lines have 
accordingly been initiated, and the present paper 
contains an account of the experimental work so far 
carried out to characterize the lipase and phos- 
phatase activities shown by aqueous homogenates 
of adrenal cortical tissue, and to devise suitable 
methods for their accurate assay in small quantities 
of tissue. Since tributyrin has been used as the 
principal test substrate for lipase, the latter will be 
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referred to throughout as the ‘aliphatic esterase’. 
Some related observations on cholinesterase activity 
are included. 


METHODS 


Preparation of tissue homogenates 


The demedullated adrenals of albino rats have been used 
exclusively as a source of enzyme. The rats were killed by 
decapitation, the carcasses exsanguinated, and the adrenals 
rapidly removed, cleaned from adherent fat, then opened 
laterally with fine scissors, and the medullae removed from 
both halves. The pooled demedullated adrenal tissue ob- 
tained from a number of rats was weighed, rapidly washed 
with cold water by decantation to remove excess blood, and 
homogenized in cold distilled water in a Potter-Elvehjem 
(1936) homogenizer. After making to the appropriate 
volume with distilled water and mixing thoroughly, the 
homogenate was allowed to stand 1-2 min. to allow the 
capsular debris to settle, then decanted carefully off. 


Aliphatic esterase and cholinesterase activity 


These were usually followed at 37° by use of the Ammon 
(1933) technique. Tissue homogenate (1 ml.) containing a 
suitable wet weight of tissue (12-18 mg. for aliphatic 
esterase and 40 mg. for cholinesterase) was incubated in 
NaHCO, (0-027M) medium with the ester, the total fluid 
volume being 3 ml., in an atmosphere of 5% CO,/N,. CO, 
output was measured at regular intervals for a period of 
30-60 min. and corrections made in each case for spon- 
taneous hydrolysis. Activities are expressed as pl. CO,/ 
30 min./g. In preliminary experiments, aliphatic esterase 
activity was tested against a series of simple esters; most of 
the experiments with this system, however, were performed 
with tributyrin as substrate. 0-2 ml. of the pure ester (more 
than sufficient to saturate the system) was used. For 
cholinesterase activity, the substrate consisted of acetyl- 
choline (ACh, 6-12 mm), acetyl-8-methylcholine (MeCh, 
12 mm) or benzoylcholine (BCh, 6 mm). It was confirmed 
that the ester concentrations were in every case adequate to 
ensure maximal hydrolysis rates. In some experiments 
selected inhibitors were included in the incubation mixture. 

For following the hydrolysis of the glyceryl acetates, a 
variation of the titration method of Knaffl-Lenz (1923) was 
employed at room temperature, on account of the rather 
high rates of spontaneous hydrolysis shown by these esters 
in NaHCO, at 37°. The homogenate (1 ml. of 40 mg./ml.) was 
diluted with water (5 ml.) and 0-3 ml. bromothymol blue 
(0-1%) added. The ester (1 ml.) was added, the mixture 
shaken, and the pH adjusted to neutral by cautious addition 
of NaOH solution (0-01N). Enzyme and substrate blanks 
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were also set up. The time was noted, and the pH of the 
mixtures continuously adjusted by additions of 0-01N- 
NaOH from a micro-burette. The total volume of alkali was 
recorded at intervals. Each of the reaction mixtures in a 
run was matched against a colour standard consisting of 
6 ml. 0-033M-phosphate pH 7-4 buffer +1 ml. homogenate 
+0-3 ml. bromothymol blue. 


Phosphatase activity 


Four types of phosphatase activity were studied— 
alkaline and acid phosphomonoesterase, inorganic pyro- 
phosphatase and adenosinetriphosphatase (ATP-ase). 
Activities were measured at 37° by estimation of ortho- 
phosphate liberation, using as substrates sodium glycero- 
phosphate, Na,P,0, or ATP. In the standard procedure the 
tissue suspension was added to 2 ml. Walpole acetate or 
Michaelis veronal buffer solution. (The pH values recorded 
were those of the final mixtures, including substrate and 
enzyme.) The total volume of the reaction mixture in each 
case, including activating substances where necessary, was 
4 ml. Appropriate enzyme and substrate blanks were also 
set up. The conditions employed for the different types of 
phosphatase activity were as follows: 

Alkaline phosphomonoesterase (pH 9-6). Tissue concen- 
tration was 4-7 mg./ml., substrate concentration 6-20 mm, 
and incubation period 1 hr. MgCl, (5 mm) was included as an 
activator. 

Acid phosphomonoesterase (pH 5-2). Tissue concentration 
was 4-7 mg./ml., substrate concentration 6-18 mm, and 
incubation period 2 hr. MgCl, was omitted. 

Pyrophosphatase (pH 7-4). Tissue concentration was 
1-1-3 mg./ml., substrate concentration 1 mm, and incuba- 
tion period 20-30 min. MgCl, (8 mm) and cysteine (CySH, 
10 mm) were included as activators. 

Adenosinetriphosphatase (pH 7-4). Tissue concentration 
was 1-5-2-0 mg./ml., substrate concentration 1-7-3-0 mm, 
and incubation period 15 min. MgCl, (4mm) and CySH 
(10 mM) were included as activators. 

Variations in the above conditions were made to establish 
optimal conditions for enzyme assay. In experiments where 
inhibitors were used, they were included in the incubation 
mixture prior to addition of substrate, except in the case of 
alcohol, where the conditions employed by Abul-Fadl & 
King (1949) were employed. 

The tubes containing the reaction mixtures were shaken at 
37° for the appropriate incubation period and then treated 
with 10% CCl,COOH (2 ml.) and allowed to stand 20 min. 
before filtration. Orthophosphate was estimated in suitable 
portions (usually 3 ml.) of the filtrate by the method of Fiske 
& Subbarow (1925), the colours being read on the Spekker 
photoelectric absorptiometer, using Ilford orange filters. 
Results are expressed as pmol. substrate decomposed/ 
30 min./g. wet wt. tissue. (In the case of ATP-ase, it was 
assumed that only one orthophosphate group was liberated 
during the short period of incubation employed.) It was 
confirmed that none of the substances used as inhibitors 
was able to interfere with the Fiske-Subbarow estimation 
under the conditions used. 


Adenosinetriphosphate. A commercial sample of the 


barium salt was washed with ice-cold pH 4-0 acetate buffer 
(0-1m) as recommended by Kornberg (1950) and converted 
to the sodium salt by the method of Bailey (1942). The 
concentration was checked by a 7 min. hydrolysis test. 
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Glycerophosphate. The sample used was found to contain 


8-7% of the «- and 91-3% of the B-isomer, when analysed 
by the method described by Motzok & Wynne (1950). 


RESULTS 
Hydrolysis of aliphatic and choline esters 


Initial rates of hydrolysis shown by a series of 
simple esters of primary alcohols, compared with 
tributyrin, are shown in Fig. 1. Only n-butyl n- 
propionate showed a hydrolysis rate higher than 
tributyrin, while the methyl, ethyl, n-propyl and 
n-butyl esters of n-butyric acid were all split at 
considerably lower rates. Rates of hydrolysis of 
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8 


CO, output (l.) 
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Fig. 1. Hydrolysis of aliphatic esters by rat adrenal cortex 
at 37° (measured manometrically). Tissue homogenate 
with 0-066 % (v/v) ester. A, tributyrin; B, n-butyl ace- 
tate; C, n-butyl propionate; D, n-butyl butyrate; EZ, n- 
propyl butyrate; F, ethyl butyrate; G, methyl butyrate. 


glyceryl acetates compared with  tributyrin, 
measured by the titration technique, are illustrated 
in Fig. 2. The hydrolysis rates of monoacetin and 
diacetin were much lower than for triacetin, which 
itself showed a rate of hydrolysis roughly com- 
parable with, though rather less than, that of tri- 
butyrin. In view of the relatively greater activity 
towards the triglycerides, the possibility of the 
enzyme system acting on natural fats such as triolein 
was examined. There was, however, no evidence of 
any measurable activity towards emulsified triolein, 
when tested by the methods described, or when 
the method of Willstatter, Waldschmidt-Leitz & 
Memmen (1923) was applied. It is evident that the 
lipolytic activity of the adrenal cortex is of a different 
character from that of the pancreas; it appears, in 
fact, to bear a closer resemblance to the plasma 
esterase studied by Adams & Whittaker (1949). The 
activity was proportional to tissue concentration 
over the range 1-7 mg./ml., so that accurate assays 
of activity levels are possible. 
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Compared with the hydrolysis of tributyrin the 
rates of hydrolysis of choline esters are low. A 
typical experiment gave activities of 8950 with 
tributyrin, 635 with ACh, 338 with MeCh, and 150 
with BCh. The higher activity with MeCh compared 
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0:01 N-NaOH (mli.) 
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Time (min.) 


Fig. 2. Hydrolysis of glycerides by rat adrenal cortex 
at 20° (measured titrimetrically). Tissue homogenate 
with 0-14% (v/v) ester. <A, tributyrin; B, triacetin; 
C, diacetin; D, monoacetin. 


with BCh has been previously noted for adrenal 
cortex by Sawyer & Everett (1947) and for whole 
adrenals by Ord & Thompson (1950). This observa- 
tion would appear to place it in the ‘specific’ 
cholinesterase class, according to the nomenclature 
of Mendel & Rudney (1943). 

Effects of inhibitors. To assist in the further 
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characterization of these esterase systems the in- 
fluence of a number of substances on the activity 
was studied. Substances tested were the sodium 
salts of bile acids, which were found to activate 
pancreatic lipase (Holwerda, 1938); also benzalde- 
hyde, sodium fluoride and copper sulphate, all of 
which inhibit pancreatic lipase (Weinstein & 
Wynne, 1935). In addition, it was of interest to test 
the effects of certain cholinesterase inhibitors, in 
view of the relatively greater activity of the 
enzyme towards MeCh, compared with BCh. Sub- 
stances of this type studied were eserine, which 
inhibits both specific and non-specific cholin- 
esterases (Hawkins & Mendel, 1946); the compound 
Nu 1250, i.e. the N-p-chlorophenyl-N-methylear- 
bamate of m-hydroxyphenyltrimethylammonium 
bromide, which is regarded as a selective inhibitor of 
specific cholinesterase (Hawkins & Mendel, 1949); 
and two compounds which show selective toxicity to 
the non-specific cholinesterase, i.e. the compounds 
Nu 683 (the dimethylcarbamate of 2-hydroxy-5- 
phenylbenzyltrimethylammonium bromide, Haw- 
kins & Gunter, 1946) and 2987 r.P. (N-diethyl- 
aminoethylphenothiazine, Gordon, 1948). ACh 
only was used as substrate for cholinesterase in these 
experiments. 

The results are seen in Table 1, and reveal several 
interesting features. The hydrolysis of tributyrin 
was strongly inhibited by the sodium salts of cholic, 
deoxycholic and tauroglycocholic acids, but only 
slightly affected by benzaldehyde—this contrasts 
with the behaviour of the lipase of pancreas, 
though the adrenal cortex enzyme is inhibited by 
sodium fluoride and by coppersulphate. None of the 
cholinesterase inhibitors produced any marked 
effect on the hydrolysis of tributyrin. Cholinesterase 


Table 1. Effects of various substances on aliphatic esterase and cholinesterase activities 
of rat adrenal cortex at 37° 


(%) 
A | 
Aliphatic 
esterase Cholinesterase 
Concn. (0-066 % tributyrin (12 mm-ACh 
Added substance (mm)* as substrate) as substrate) 
Sodium cholate 7 58 14 
Sodium deoxycholate 2-4 91 2 
Sodium tauroglycocholate 3 89 0 
Benzaldehyde 0-17% (v/v) 12 18 
CuSO, 0-1 94 10 
NaF 40 50 54 
2987 R.P. 0-022 — 52 
2987 R.P. 0-1 — 72 
2987 R.P. 0-3 0 — 
Nu 1250 5x10 4 24F 
Nu 683 3 x 10-% 5 93t 
Nu 1250 5x10-5 —_ 2 
Nu 683 5x 10-5 — 48 
Eserine sulphate 0-1 9 2 


* Except where stated otherwise. 


inhibition of activity 





+ Using 6 mm-ACh. 


7-2 





100 


activity, on the other hand, was uninfluenced by 
the substances which inhibited tributyrin hydro- 
lysis, with the exception of sodium fluoride. The 
effects of the cholinesterase inhibitors on cholin- 
esterase activity were somewhat unexpected. 
2987 R.P. inhibits strongly in a concentration of 
0-022 mm, though concentrations up to 0-5mM 
were previously found ineffective against specific 
cholinesterase in brain or plasma (Gordon, 1948). 
Only moderate inhibition was caused by 0-005 mm- 
Nu 1250, which in 0-001 mm concentration almost 
completely inhibits specific cholinesterase in brain 
and erythrocytes (Hawkins & Mendel, 1949). 
Nu 683, however, in similar concentrations, pro- 
duced marked inhibition. These findings make it 
difficult to classify adrenal cortical cholinesterase 
on the basis of Mendel & Rudney’s (1943) system. 
At the same time, it is clear that the choline esterase 
and aliphatic esterase systems are distinct from 
each other. 





Phosphatase activities 


Effect of pH on activity. Phosphomonoesterase 
activities at various pH values, with glycerophos- 
phate as substrate, are indicated in Fig. 3. This type 
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Fig. 3. Effect of pH on phosphomonoesterase activity of rat 
adrenal cortex at 37°. Tissue homogenate with 6 mm- 
sodium glycerophosphate. Mg*+ absent. 


of activity shows the usual characteristic pH 
optima in the acid and alkaline regions, as in most 
animal tissues. Only one optimum pH value was 
found in the acid region; there was no evidence of a 
second acid optimum, as has been found for ery- 
throcytes (Roche, Thoai & Baudouin, 1942; Abul- 
Fadl & King, 1949). With sodium pyrophosphate or 
ATP as substrates, the optimum pH was 7-4 (Fig. 4). 
The presence of a strong ATP-ase activity in 
adrenals has already been reported (Zeller, 1948). 
Influence of substrate concentration. The effects of 
substrate concentration are seen in Figs. 5 and 6. 
Well defined optimal substrate concentrations were 
obtained with pyrophosphatase (0-3 mm) and ATP- 
ase (1-5mm). The effects with acid and alkaline 
phosphomonoesterases were not so clear-cut; on 
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the basis of these results, however, a substrate 
concentration of 18—-20mm provides near-optimal 
conditions. 
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Fig. 4. Effect of pH on phosphatase activity of rat adrenal 
cortex at 37°. A, 1 mm-Na,P,0, +8 mm-Mg*+; B, 1-7 mm- 
ATP +4 mm-Mgtt. 
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Fig. 5. Effect of substrate concentration on phosphomono- 
esterase activity of rat adrenal cortex at 37°. Sodium 
glycerophosphate as substrate. A, pH 9-6; B, pH 5-2. 
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Fig. 6. Effect of substrate concentration on phosphatase 


activity of rat adrenal cortex at 37° and pH 7-4. 
A, Na,P,0, with 20 mm-Mgt+. B, ATP with 4 mm-Mg**. 
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Activation by Mg++. The behaviour of the different 
systems towards magnesium is similar to that found 
in other tissues—alkaline phosphatase is activated 
appreciably by Mg++ in concentrations of 1-10 mm, 
but acid phosphatase is not perceptibly influenced. 
Mg?** is essential for the activity of pyrophosphatase 
and shows an optimal effect at 4mm. ATP-ase is 
markedly stimulated by Mg++, the effect being 
maximal at 3-4 mM, but declining again at higher 
concentrations. Ca++ also activates ATP-ase, but 
not to the same extent as Mg++. 
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Fig. 7. Effects of cysteine on phosphatase activities of rat 
adrenal cortex at 37°. A, 12 mm-sodium glycerophos- 
phate +5 mm-Mg*+, pH 9-6; B, 18 mm-sodium glycero- 
phosphate, pH5-2; C, 1mm-Na,P,0,+8 mm-Mg*+, 
pH 7-4; D, 1-9 mm-ATP +4 mm-Mg*+, pH 7-4. 


Effects of cysteine. CySH was found to bring about 
definite activation of both pyrophosphatase and 
ATP-ase (Fig. 7), the maximum effect being pro- 
duced with a concentration of 5-12 mm. Alkaline 
phosphatase, like that of some other tissues, was 
strongly inhibited by CySH, but acid phosphatase 
was uninfluenced. 

Effects of tissue concentration. Fig. 8 shows the 
effects of tissue concentration. Good proportion- 
ality was obtained with the phosphomonoesterases 
at concentrations up to 8-5mg./ml. for alkaline 
phosphatase and 7-5 mg./ml. for acid phosphatase. 
With pyrophosphatase and ATP-ase the inclusion 
of CySH as a co-activator is important from the 
point of view of enzyme assay ; in its absence, a non- 
linear tissue concentration curve was obtained, but 
the linear relationship was restored when CySH was 
present. This phenomenon is possibly due to a 
protective action against partial deactivation by 
oxidation. 

Progress of hydrolysis. Rates of hydrolysis remain 
constant in each case for periods of time well outside 
the selected times used in the assay. For ATP-ase, 
the relationship holds up to 30% decomposition, 
and for pyrophosphatase up to 60 % decomposition, 
of substrate. The phosphomonoesterase activities, 
though not studied up to the maximum period of 
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constant rate, are constant up to a stage which 
covers the assay conditions. 

Effects of various substances on acid phosphatase. 
Since the acid phosphatases of different tissues 
respond differently to certain inhibitors, it was of 
interest to test the action of some of these inhibitors 
on the adrenal cortex enzyme. The substances tried 
were selected from those used by Abul-Fadl & King 
(1949) in the differential characterization of plasma 
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Fig. 8. Effects of tissue concentration on phosphatase 
activity of rat adrenal cortex at 37°. A, 19 mm-sodium 
glycerophosphate, pH 5-2; B, 6mm-sodium glycero- 
phosphate, pH 9-6; C, 1 mm-Na,P,0, in presence of 
8 mm-Mgt++10 mm-CySH, pH 7-4; D, 3mm-ATP in 
presence of 4 mm-Mg*+ + 10 mm-CySH, pH 7-4. 


acid phosphatases. Results are shown in Table 2. 
The behaviour was to some extent similar to that of 
the red-cell acid phosphatase. Ethanol and form- 
aldehyde inhibited substantially; copper sulphate 


Table 2. Effects of various substances on acid 
phosphatase activity of rat adrenal cortex at 37° 


(Acetate buffer, pH 5-2. Sodium glycerophosphate 
(18 mM) as substrate. In the case of ethanol the tissue was 
pre-incubated with 0-4 vol. ethanol before making up the 
incubation mixture; otherwise the inhibitors were added 
directly to the incubation mixture.) 


Conen. Inhibition 

Added substance (mM) (%) 
FeSO, 10 0 
CuSO, 0-2 86 
Formaldehyde 170 30 
Formaldehyde 600 73 
Ethanol — 68 
Sodium ptL-tartrate os 91 


in low concentration also caused strong inhibition, 
but ferrous sulphate was without effect. On the 
other hand, the enzyme was strongly inhibited by 
DL-tartrate, which does not affect the red-cell 
enzyme (Abul-Fadl & King, 1949). 








DISCUSSION 


The investigations indicate the general behaviour 
of the esterase and phosphatase reactions of the 
adrenal cortex, though the role of these systems in 
adrenal cortical function must clearly require much 
more detailed and extensive studies. 

It seems doubtful whether the term ‘lipase’ can be 
applied to the tributyrinase action of adrenal cortex 
homogenates, in view of the apparent inactivity 
towards triolein, and the different response shown to 
bile salts as compared with pancreatic lipase. Since 
the earlier reports on the existence of an adrenal 
cortical lipase were based on its activity towards 
tributyrin, the point only involves a question of 
nomenclature. Since the enzyme bears a closer 
resemblance, with respect to substrate specificity, 
to the esterase of human plasma (cf. Adams & 
Whittaker, 1949), the term ‘aliphatic esterase’ 
would be the more appropriate. 

The influence of various inhibitors on the ali- 
phatic esterase and cholinesterase activities suggests 
that choline esters are hydrolysed by an enzyme 
system which is distinct from the aliphatic esterase, 
though the latter is present in so much greater 
strength. The results on cholinesterase activity are 
not easy to interpret. Although acetyl-f-methyl- 
choline is attacked much more readily than ben- 
zoylcholine, the designation of ‘true’ or ‘specific’ 
cholinesterase is contra-indicated by the anomalous 
behaviour towards the selective inhibitors used. 
Further light on this matter would perhaps be 
thrown by experiments using a wider range of in- 
hibitors. It seems possible in any case that cholin- 
esterase plays a less important role in the cortex 
than in the medulla. It has been reported (Lange- 
mann, 1942) that the enzyme is present in much 
greater strength in the medulla than in the cortex; 
this was confirmed during the course of the present 
work by a few rough measurements (not reported) 
on pooled separated medullae, which indicated 
reaction rates approximately three times as high as 
for cortex. This distribution may be connected 
with the relative distribution of post-ganglionic 
sympathetic nerve fibres in the gland. 

The properties of the adrenal cortical phosphat- 
ases, especially in regard to their pH optima and 
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the manner in which they are influenced by mag- 
nesium ions, are broadly similar to those of other 
tissues. ATP-ase and pyrophosphatase show 
characteristics similar to those of the corresponding 
water-extractable enzymes of other animal tissues; 
ATP-ase is activated by calcium and magnesium 
ions (cf. Frank, Lipschitz & Barth, 1950), the latter 
being the more effective, while pyrophosphatase 
is only active in presence of magnesium ions 
(cf. Naganna & Menon, 1948; Gordon, 1950). 

At the present stage, perhaps the most important 
result arising from the investigations just described 
is the demonstration that, with the exception of 
cholinesterase, the levels of activity of all the 
enzyme systems concerned may be assayed in 
quantities of cortical tissue obtainable from the 
adrenals of an individual rat, so that the investiga- 
tion of changes taking place under various abnormal 
conditions may be readily undertaken. 


SUMMARY 


1. Homogenates of demedullated rat adrenals 
show greater esterase activity with triacetin and 
tributyrin than with aliphatic esters of primary 
alcohols, and are inactive towards triolein. Choline 
esters are hydrolysed much less readily than 
tributyrin. 

2. Bile salts and copper sulphate inhibit the 
aliphatic esterase. Eserine, the dimethylcarbamate 
of 2-hydroxy-5-phenylbenzyltrimethylammonium 
bromide (Nu683) and N-diethylaminoethylpheno- 
thiazine (2987 R.P.), but not the N-p-chlorophenyl- 
N-methylcarbamate of m-hydroxyphenyltrimethyl- 
ammonium bromide (Nu 1250), inhibit the cholin- 
esterase. 

3. The phosphomonoesterase, pyrophosphatase 
and adenosinetriphosphatase activities of such 
homogenates have also been studied. Acid phos- 
phatase is inhibited by copper sulphate, formalde- 
hyde, ethanol and pt-tartrate, but not by ferrous 
sulphate. 


I wish to record my indebtedness to Mr F. E. Badrick for 
valuable technical assistance, to Dr M. Reiss, the Head of 
the Department, for his interest in the subject, and to 
Dr F. Bergel, of Messrs Roche Products Ltd., for supplies of 


’ the synthetic compounds Nu 683 and Nu 1250. 
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The Oxidation of Myoglobin to Metmyoglobin by Oxygen. 1 


By P. GEORGE anp C. J. STRATMANN 
Department of Colloid Science, University of Cambridge 


(Received 19 July 1951) 


The study of the oxidation of haemoglobin and 
myoglobin to methaemoglobin and metmyoglobin 
by molecular oxygen is important in understanding 
the stability of oxyhaemoglobin and oxymyo- 
globin. 

Brooks (1931, 1935) investigated the oxidation of 
haemoglobin (Hb) to methaemoglobin and found 
that under constant conditions of oxygen pressure, 
pH, salt concentration and temperature the reaction 
was first order with respect to the concentration 
of unoxidized haemoglobin, and that the rate of 
oxidation had a well defined maximum value at a 
low oxygen pressure (about 20 mm. at 30°). 

Legge (1942) suggested the spontaneous decom- 
position of one of the oxygenation intermediates 
Hb,(O,), as a reaction mechanism to account for 
these results. Later Lemberg & Legge (1949) 
amplified this mechanism by assuming the partici- 
pation of two oxidizable XH, groups on the protein 
to make possible an intramolecular reaction fitting 
the stoicheiometric relation: 


Hb,(O,). + 2XH, > Hb,(OH),+2X. (A) 


George (1949) put forward an alternative repre- 
sentation of the kinetics and discussed a possible 
intermolecular free radical mechanism which avoids 
some difficulties inherent in an intramolecular 
mechanism (George, 1952). 

An investigation of the oxidation of myoglobin 
should help in deciding between mechanisms of this 
kind, for, since myoglobin has only one haem 
group per molecule, a reaction of type A occurring 
in this system should necessarily be second order. 


This paper deals with the general chemistry of the 
reaction—choleglobin and denatured protein forma- 
tion—the overall stoicheiometry and the results of 
a kinetic study to establish this point. 

In this paper the symbols Mb, MbO,, MetMb are 
used to represent reduced myoglobin, oxymyo- 
globin and metmyoglobin respectively. Similarly, 
in the case of haemoglobin, the corresponding 
symbols Hb, HbO, and MetHb are used. 


MATERIALS AND METHODS 


Preparation of pure, recrystallized equine metmyoglobin. 
The method employed is based on that of Theorell (1932) and 
Lawrie (1951). Four hearts were usually processed. After 
machine-mincing, the muscle tissue was extracted with 
water, the solution neutralized and treated with 1/5 of its 
volume of saturated, basic lead acetate to remove muscle 
globulins and other impurities. After centrifugation, the 
solution was again neutralized and sufficient solid Na,;PO, 
to remove excess lead was added. The pH was once more 
returned to 7-0 by addition of solid NaH,PO, and the solu- 
tion was centrifuged. It was found particularly important 
to adjust the pH to 7-0 at the points indicated above in 
order to obtain the maximum yield. It was also desirable to 
keep the temperature as near 0° as possible throughout the 
preparation. The MetMb solution was further purified by 
crystallization, induced by saturation of the solution with 
ammonium sulphate, followed by solution in 3M-phosphate 
buffer of pH 6-8. This treatment separates the MetMb from 
any traces of haemoglobin which may be present since 
haemoglobin is almost completely insoluble in phosphate 
buffer of this molarity (Morgan, 1935). 

Lastly, the material was dissolved in the desired buffer 
solution (see below), traces of (NH,),SO, were removed by 
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dialysis and the material stored at 0°. The yield averaged 
1-1 g. MetMb/kg. of heart. The concentration and purity of 
the sample were determined by the method described by De 
Duve (1949). 

Myoglobin solutions. The myoglobin solutions were 
buffered heavily as described by Brooks (1935) with 
K,HPO, and KH,PO,, the total concentration of phosphate 
being 0-6m and the HPOF/H,PO,; ratio 0-159/0-841. This 
gives the pH as 5-69 at 30°. The use of the heavily buffered 
solution has the advantages of preventing both microbial 
contamination and change of pH during the experiment. 
The latter is particularly important because the oxidation 
rate is dependent on the H ion concentration. 

Before each experiment MetMb was converted into 
MbO, by first reducing to the ferrous form by addition of a 
small quantity of sodium hydrosulphite. Excess hydro- 
sulphite is rapidly oxidized by atmospheric oxygen when the 
flask is gently shaken, and MbO, is formed. 

Methods of analysis. Spectrophotometric methods of 
analysis were employed for the determination of MbO, and 
MetMb. The instrument used was a Unicam quartz spectro- 
photometer. Using a wavelength of 575 mu. the millimolar 
extinction coefficient (£,,4) was very near to 11-0 for MbO, 
and 3-0 for MetMb at pH 5-69. These values varied slightly 
for different preparations. The solutions obeyed Beer’s Law. 
At the beginning of each experiment the optical density of 
the pure MetMb solution was recorded. The MetMb was then 
converted into MbO, and the optical density recorded. 

The fraction of MbO, in a given solution containing a 
mixture of MbO, and MetMb was determined by com- 
paring the optical density of the solution with the corre- 
sponding optical densities of the two solutions containing 
100% MbO, and 100% MetMb. It was found most con- 
venient to work with optical densities between 0-6 and 0-8 
for MbO, with the corresponding densities of 0-16 and 0-22 
for MetMb. When using solutions of higher concentrations 
than would give values of this order of magnitude, appro- 
priate dilution was made before reading in the spectro- 
photometer. 

Apparatus and experimental method. MetMb solution 
(15-20 ml.) at the desired dilution was placed in the reaction 
flask, which was boat-shaped like those used by Meldrum 
& Roughton (1934), but without the partition along the 
bottom. The flask was placed in an ice bath and a minute 
quantity of sodium hydrosulphite added. The solution was 
gently shaken until the Mb was converted into MbQ,. 
All oxidation experiments were carried out in air at 30° 
in 0-6m-phosphate buffer, pH 5-69, using the following 
procedure: 

The solution (5 ml.) was withdrawn from the flask by 
means of a pipette, the optical density measured, and the 
solution returned to the flask. The flask was then transferred 
to the thermostat at 30°. The starting point of the reaction 
was taken at the time when the flask was placed in the ther- 
mostat. The flask was shaken mechanically 40 times/min., 
producing a small wave moving backwards and forwards 
across the surface of the solution, thus ensuring efficient 
stirring and renewal of the surface. At intervals 5 ml. 
samples of the solution were removed from the reaction 
flask, the optical density measured and the solution quickly 
returned to the flask. When using more concentrated solu- 
tions a smaller sample was removed and the appropriate 
dilution made before measuring the optical density. Results 
were recorded as percentage MbO, in the mixture from the 
time of the start of the experiment. 
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Warburg manometers were used in measuring the con- 
sumption of O, during the autoxidation in air; 1-3 x 10-°u 
solutions of myoglobin were used and the absorption of 0, 
measured after the flask had been equilibrated. Calculations 
showed that no significant decrease in the O, pressure 
occurred as a result of the observed O, absorption. The same 
technique was used to measure the evolution of O, when 
MbO, was acidified with 1-0m-metaphosphoric acid and HCl. 

Cholemyoglobin formation. Under the conditions of the 
experiments there was the possibility that cholemyoglobin 
might be formed. In order to test for this the following 
method was employed: two samples of myoglobin solution 
were taken, one immediately before an oxidation experi- 
ment was begun and the other 3 hr. later. Each sample was 
converted into the CO-haemochromogen by the method 
described by Lemberg, Legge & Lockwood (1941) and the 
spectrum examined over the range 500-650 mu. 

Denaturation check. In order to determine whether any 
denaturation of the protein occurred during the reaction, 
use was made of the reaction between MetMb and NaN. 
On the addition of NaN, to a MetMb solution it is converted 
into the azide-metmyoglobin compound, the spectrum of 
which has two strong but diffuse bands at 575 and 542 mu. 
Since only the ferric derivative of the native protein forms 
a complex with azide (Keilin, 1936) any change in the 
spectrum of the azide compound would be indicative of 
some change in the protein. Metmyoglobin solution (5 ml.) 
at pH 5-69 was treated with excess NaN; and the spectrum 
examined over the range 500-650 my. A separate 15 ml. 
sample of the same solution was converted to MbO, and 
allowed to oxidize as above for 3 hr. At the end of this time 
the material was oxidized fully by the addition of a small 
quantity of potassium ferricyanide. Azide was then added 
and the spectrum examined as before. 


RESULTS 


Choleglobin and denaturation check 


In 3 hr. 60% of metmyoglobin was formed from 
oxymyoglobin. Using the methods described above 
it was shown (Figs. 1 and 2) that no detectable 
amount of either choleglobin or denatured protein is 
formed. 

Oxidation kinetics 


The metmyoglobin formation was measured at 
10 and 20 min. intervals for four initial concentra- 
tions of oxymyoglobin: 0-296, 1-18, 2-11 and 
2-96 x 10-4m. Fig. 3 shows that the percentage 
oxidation in a given time is independent of the 


‘absolute concentration of myoglobin, showing that 


the oxidation is first order with respect to un- 
oxidized myoglobin. A typical first order plot for the 
experiment when the initial concentration of myo- 
globin was 1-18x10-‘m is given in Fig. 4, and 
Table 1 shows the first order constant obtained in 
the other experiments. 

The mean value of the first order constant is 
0-325 + 0-015 hr.-. 

The rates of oxidation were reproducible using 
the same stock solution of myoglobin, but a certain 
amount of variation was observed between different 
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preparations of myoglobin and when the sample had 
been recrystallized. Table 2 gives values of k for 
seven different samples of myoglobin obtained in the 
course of 18 months’ work. These values show a 
variation of some 7 % which is to be compared with 
an uncertainty of about 5 % in the value of an indi- 
vidual constant obtained from the first order plot. 
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Fig. 1. Spectra of the carbon monoxide-protohaemochro- 
mogen complex formed before and after autoxidation in 
air at 30° in 0-6M-phosphate buffer of pH 5-69. —, from 
5-1 x 10-5m-MetMb; ©, from a solution of the same con- 
centration after autoxidation for 3 hr. 
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Fig. 2. Spectra of the azide-metmyoglobin complex formed 
before and after autoxidation of myoglobin in air at 30° in 
0-6m-phosphate buffer of pH 5-69. —, from 5-1 x 10->m- 
MetMb; ©, from a solution of the same concentration 
after autoxidation for 3 hr.; -—-, spectrum of acid 
metmyoglobin at the same concentration. 


The variation between the several samples is not so 
marked as that found by Brooks (1931), working on 
the oxidation of haemoglobin, using laked blood, 
when in air at 25°, 0-2m-phosphate buffer solution 
of pH 6-29, k= 1-54 + 0-28 x 10-* hr.-, i.e. an 18% 
variation. This comparison suggests that the 
variation may be due, in part, to the presence of 
other oxidizible substances present to a lesser 
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Fig. 3. The percentage formation of metmyoglobin during 
the autoxidation in air at 30° in 0-6m-phosphate buffer of 
pH5-69 of four solutions of different initial concentrations 
of MbO,. The points ©, A, [] and x refer to solutions of 
0-296, 1-18, 2-14 and 2-96 x 10-*m-myoglobin respectively. 


log (% HbO:) 





Time (hr.) 
Fig. 4. A first order plot for metmyoglobin formation from 


spectrophotometric measurements. Initial concentration 
of MbO,, 1-18 x 10-4. 


Table 1. First order rate constant for the oxidation of 
myoglobin to metmyoglobin at four different initial 
concentrations of unoxidized myoglobin, in air at 
30° in 0-6m-phosphate buffer, pH 5-69 


(Spectrophotometric methods of analysis.) 


Initial concentration 


of unoxidized First order rate 


myoglobin constant k 
(mol. x 10-4/1.) (hr.—!) 
2-96 0-34 
2-11 0-34 
1-18 0-32 
0-296 0-30 
Mean 0-325+0-015 
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degree in the purified myoglobin preparations used 
in the present experiments. This will be discussed 
later in relation to the results obtained in the next 


section. 





Table 2. First order rate constant for the oxidation of 
myoglobin to metmyoglobin in air at 30° in 0-6m- 
phosphate buffer, pH 5-69, using several samples of 
myoglobin 

(Spectrophotometric methods of analysis.) 


First order rate 


constant k 

No. of sample (hr.—?) 

2* 0-32 

3 0-38 

4 0-26 

4t 0-24 

5 0-24 

5t 0-28 

6 0-25 

Mean 0-27 +0-02 


* Mean of four determinations. 
+ Recrystallized sample. 


Stoicheiometry of the autoxidation 


Measurements of the oxygen absorption of small 
quantities of 1-3 x 10-*m-myoglobin, in air at 30° in 
0-6m-phosphate buffer, pH 5-69, using Warburg 
manometers showed that about 1-5 moles oxygen 
are absorbed for each mole metmyoglobin formed. 
Typical results are shown in Table 3. The final 
volume of oxygen absorbed was estimated by extra- 
polation, with a probable error of about 5%. The 
reliability of this extrapolated value is supported by 
plotting the absorption data as a first order reaction, 
taking this value as the end point. A linear plot is 
obtained as shown in Fig. 5 for the data relating to 
Exp. 2 in Table 3; the first order constant of 
0-29 hr.— is in good agreement with the value ob- 
tained by spectrophotometric measurements of the 
metmyoglobin formed. The reproducibility of these 
oxygen absorption experiments was not particularly 
good. Exp. 2, using 2 ml. of solution, gave oxygen 
uptakes of 106, 70 and 90 ul. when repeated, and the 
uncertainty in the ratio moles oxygen absorbed/ 
moles metmyoglobin formed is thus 0:3. These 
absorption values were unaffected if the centre cup 
of the Warburg flask did not contain sodium 
hydroxide. It therefore appears that no carbon 
dioxide is evolved in the reaction. Even though the 
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total quantity of oxygen absorbed varies between 
these rather wide limits the first order constant 
obtained by the method given above (Fig. 5) was 
still identical with that found in the spectrophoto- 
metric measurements. No significant difference was 
observed in either the total quantity of oxygen 
absorbed or the first order constant when the flask 
was filled with oxygen or with air. 





Time (hr.) 


Fig. 5. First order plot for metmyoglobin formation from 
oxygen absorption data. Initial concentration of MbO,, 
1-3 x 10-*m. 


For myoglobin the half saturation pressure of 
oxygen is of the order 1-2 mm. and so in air about 
99 % is present as oxymyoglobin. If the stoicheio- 
metry corresponded to the hypothetical figure for 
the oxidation of the ferrous compound 

4Fe?++0O,+4H+ > 4Fe*+ + 2H,O 
three-quarters of the bound oxygen in oxymyo- 
globin should be evolved on autoxidation. The 
measured absorption of 1-5+ 0-3 moles oxygen for 
each mole of metmyoglobin formed means that this 
quantity of oxygen is used up in the reaction in 
addition to all the bound oxygen originally present 
as oxymyoglobin and the stoicheiometry for the 
autoxidation is thus 
1 mole Mb + 2-5 + 0-3 moles O, > 1 mole MetMb. 


Table 3. The oxidation of 1-3 x 10-*m-myoglobin to metmyoglobin in Warburg flasks 
in air at 30° in 0-6m-phosphate buffer of pH 5-69 


Volume of Oxygen absorbed 
solution (extrapolated value) _Mol. O, absorbed 
Exp. (ml.) (pl.) Mol. MetMb formed 
1 4-5 210415 1-60+0-11 
2 2-0 90+ 5 1-54+0-08 
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The overall chemical equation for the autoxidation 
will be given by this expression or some multiple 
of it. 

Comparable data are not available for haemo- 
globin, but Roaf & Smart (1923) have shown that 
when oxyhaemoglobin is denatured by acidification 
about 50% of the bound oxygen is liberated. It 
appears that the remainder is used in oxidizing the 
haem to haemin and oxidizing hydrogen donor 
groups on the protein part of the molecule (Lemberg 
& Legge, 1949). 

Acidification of oxymyoglobin, in the Warburg 
apparatus, with 1-0m-metaphosphoric acid gave 
no measurable evolution of oxygen, and with 
1-On-hydrochloric acid only 11% of this bound 
oxygen was released. 


DISCUSSION 


The oxidation of myoglobin to metmyoglobin by 
oxygen at pH 5-69 in the absence of acceptors is a 
relatively simple reaction. In contrast to the experi- 
ments of Lemberg e¢ al. (1941), on the reaction of 
oxyhaemoglobin with ascorbic acid, no detectable 
amount of choleglobin is formed, and unlike the 
reaction which occurs when acid or pyridine is 
present, where denaturation accompanies oxidation, 
the protein remains in a native condition. 

The results of the stoicheiometric experiments do, 
however, suggest that the protein is not in its original 
state, for 2-5 + 0-3 moles oxygen are used up for each 
mole of metmyoglobin formed. The simplest stoich- 
eiometry for the autoxidation of a ferrous compound 
involves four equivalents of ferrous compound for 
each oxygen molecule; thus additional reactions 
absorbing oxygen accompany the oxidation of the 
haem in myoglobin. The similarity between the 
kinetics of oxygen absorption and metmyoglobin 
formation argues against this oxygen being used to 
oxidize traces of impurity, and suggests that 
hydrogen donor groups on the protein molecule itself 
are involved. In this respect the experiments of 
Mirsky & Anson (1936) are particularly interesting. 
They showed that tyrosine and tryptophan groups 
in proteins were oxidized by even mild reagents like 
potassium ferricyanide, and that with tyrosine itself 
one mole could react with at least 2-6 moles ferri- 
cyanide. Myoglobin contains two molecules each of 
tyrosine and tryptophan per molecule (Tristram, 
1949). There are thus, in the myoglobin molecule, 
four known groups susceptible to oxidation, and if 
the mechanism for the oxidation of the haem in- 
volves intermediates which are strong oxidizing 
agents it is possible that other amino-acid residues 
could also be attacked. 

The participation of hydrogen-donor groups on 
the protein in the autoxidation mechanism has been 
suggested by Lemberg & Legge (1949), but fora 
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different reason. Legge (1942) showed that over a 
certain range of oxygen pressures Brooks’s data on 
haemoglobin autoxidation (1931, 1935) could be 
explained if the reaction involved the spontaneous 
decomposition of the oxygenation intermediate 
Hb,(O,), in an intramolecular reaction. To account 
for this, Lemberg & Legge postulated two oxidizable 
XH, groups in the haemoglobin molecule to com- 
plete the stoicheiometry in an equation 


Hb,(O,),+ 2XH, > Hb,(OH), + 2X, 


thus accounting for the full oxidizing capacity of the 
two oxygen molecules. The probable participation 
of hydrogen-donor groups on the protein, suggested 
by our experiments on oxygen absorption during 
the autoxidation of myoglobin, leads to a conclusion 
opposite to that of Lemberg & Legge. Since myo- 
globin contains only one haem group per molecule 
the consumption of 2-5 moles of oxygen for each 
mole of metmyoglobin formed must mean that the 
reaction is intermolecular. 

It is clear that the production of metmyoglobin 
under the above conditions is not a straightforward 
autoxidation of a ferrous compound, but is a coupled 
oxidation. However, it differs in three important 
respects from the coupled oxidations studied by 
Lemberg e¢ al. (1941). First, it does not appear to 
involve an added hydrogen donor like the ascorbic 
acid in Lemberg’s experiments. Secondly, the 
metmyoglobin is not reduced by the hydrogen donor 
as methaemoglobin is reduced by ascorbic acid, and, 
as a consequence, there is no catalytic cycle for 
the continued oxidation of the hydrogen donor. 
Thirdly, whereas the coupled oxidation of ascorbic 
acid by oxyhaemoglobin is initiated by a direct 
reaction between these two molecules (Lemberg 
et al. 1941), the kinetics of myoglobin autoxidation, 
shown above to be first order in unoxidized myo- 
globin, do not support a reaction of the kind: 


MbO, + protein > MetMb + oxidized protein, 


for, although this reaction could lead to a first order 
disappearance of myoglobin, the observed first 
order constant would not be independent of the 
absolute concentration. 

By analogy with the mechanism put forward for 
haemoglobin autoxidation, Lemberg & Legge 
suggested that, in the case of myoglobin, the 
mechanism may be 
Fe?+ .O,.(H,X) + Fe*+ > Fe+.(OH).X + Fe*+.OH, 


and as a consequence the reaction would be second 
order in unoxidized myoglobin. The first order 
kinetics established above show that a mechanism 
of this type does not occur. The similarity that isnow 
revealed between the kinetics of the autoxidation of 
myoglobin and haemoglobin casts doubt on the intra- 
molecular mechanism in the case of haemoglobin, 
for it seems reasonable to expect that molecules so 
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alike in their general chemistry should react in the 
same way. 

George (1949, 1952) discussed a free radical 
mechanism for haemoglobin autoxidation based on 
the stoicheiometric relations 4Mb=O, or 2Hb=O, 
which would account for the observed kinetics in the 
case of haemoglobin. A general mechanism of this 
kind needs revising, since it has now been shown 
that oxidation of hydrogen-donor groups is likely 
to be involved. 





SUMMARY 


1. The autoxidation of myoglobin to metmyo- 
globin in air at 30° in 0-6m-phosphate buffer of 
pH 5-69 was studied at several different concentra- 
tions and using five preparations of recrystallized 
myoglobin. 

2. The reaction was shown to be first order 
with respect to unoxidized myoglobin and the 
mean value of the first order rate constant was 
0-325 + 0-015 hr.-}. 

3. Both spectrophotometric and oxygen ab- 
sorption methods of analysis were used. The first 
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order rate constants obtained by both these methods 
were in good agreement. 

4. Under the conditions of the experiments it was 
shown that no detectable denaturation of the protein 
or choleglobin formation occurred. 

5. Measurement of the oxygen absorption of the 
reaction showed that 2-5 moles of oxygen were used 
for each mole of metmyoglobin formed, strongly 
suggesting that hydrogen donor groups on the 
protein molecule are involved. 

6. These results are discussed, and it is concluded 
that in contrast to the intramolecular mechanism 
of the reaction postulated by Lemberg & Legge 
(1949) the reaction must be intermolecular. 

7. In view of the similarity of the kinetics of the 
autoxidation of myoglobin and haemoglobin, doubt 
is cast on the idea of an intramolecular mechanism 
in the case of the autoxidation of haemoglobin. 


The work described in this paper was carried out during 
the tenure by C.J.S. of an Australian National University 
Scholarship. We wish to thank Mr T. Greenwood for 
technical assistance throughout the course of this work. 
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The Microbiological Assay of ‘jStrepogenin’ with Lactobacillus casei 


By E. KODICEK anp 8S. P. MISTRY* 
Dunn Nutritional Laboratory, University of Cambridge, and Medical Research Council 


(Received 21 July 1951) 


The presence of a factor in partially hydrolysed 
proteins, called ‘strepogenin’ (Sprince & Woolley, 
1944), which had a growth stimulating effect for 
certain bacteria, has been reported by a number of 
investigators (Woolley, 1941; Sprince & Woolley, 
1945; Pollack & Lindner, 1943; Smith, 1943;Wright 
& Skeggs, 1944; Wright, Fruton, Valentik & Skeggs, 
1950). Woolley (1946) suggested that the peptide- 
like growth factor was a derivative of glutamic acid. 

* Present address: Department of Animal Science, Agri- 
cultural Experiment Station, University of Illinois, Urbana, 
U.S.A. 


A serylglutamic acid peptide from enzymic digests 
of casein stimulated Lactobacillus casei (Verdier & 
Agren, 1948; Agren, 1949). However, a number of 
synthetic peptides containing glutamic acid were 
either inactive or had a negligible activity (Woolley, 
1948; Krehl & Fruton, 1948). 

Dunn & McClure (1950) suggested recently that 
the strepogenin activity may be due to an unspecific 
effect of peptides, since the organism may use an 
essential amino-acid more readily in the bound than 
in the free form. Peptides of amino-acids were 
shown to be used by bacteria (Riesen et al. 1947; 
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Simmonds, Tatum & Fruton, 1947; Krehl & Fruton, 
1948), but nostimulatory response was obtained with 
synthetic di- and tri-peptides containing leucine, 
valine, glycine or alanine (Agren, 1947, 1948). 

Glutamine and glutathione have been reported to 
have strepogenin-like activity (Woolley, 1948). The 
former could be differentiated from strepogenin by 
its heat lability (Pollack & Lindner, 1943; Woolley, 
1946, 1948). Furthermore, Wright & Skeggs (1944) 
pointed out that the activity of enzymic digests of 
casein could not be accounted for on the basis of 
their glutamine content. 

The present experiments were undertaken to 
investigate the specificity of the strepogenin effect 
and its distribution in biological materials. A satis- 
factory assay technique was developed using a 
modified medium described for the assay of B- 
vitamins (Clegg, Kodicek & Mistry, 1952). For 
preliminary communication, see Mistry & Kodicek 
(1951). 


MATERIALS AND METHODS 


Strepogenin standard ([A37°). A partial hydrolysate of 
insulin instead of the Wilson liver fraction L (Sprince & 
Woolley, 1944, 1945) was used as the strepogenin standard 
since it was shown to be a rich source of this growth stimu- 
latory factor. In preliminary trials the treatment described 
below was found to liberate the maximum activity. Diges- 
tion for a longer period or at lower temperature resulted in 
decreased activity. 


Table 1. Basal medium for the assay of 
strepogenin activity 


Amounts/10 ml. 
single strength 

Consiituent medium 
Casein (Labco), H,SO,-hydrolysed* 50 mg. 
Glucose 300 mg. 
Potassium acetate 300 mg. 
pL-Alanine 1 mg. 
L-Asparagine 1 mg. 
L-Cystine 2 mg. 
pL-Tryptophan 2 mg. 
Adenine, guanine, uracil and 0-1 mg. 

xanthine: each 

Aneurin chloride hydrochloride 10 yg. 
Riboflavin 10 yg. 
Nicotinic acid 10 yg. 
Pyridoxin hydrochloride 25 wg. 
Calcium-p-pantothenate 10 ug. 
p-Aminobenzoic acid 2 ug. 
Biotin (free acid) 0-04 yg. 
Pteroylglutamic acid 0-1 pg. 
K,HPO, and KH,PO, : each 25 mg. 
Salt solution E* 0-05 ml, 


* Clegg et al. (1952). 


200 mg. crystalline bovine insulin (Boots Pure Drug Co. 
Ltd.) were hydrolysed for 3 hr. at 37° in 5 ml. of conc. HCl. 
The acid was carefully removed under reduced pressure on a 
water bath and the solids dissolved in about 45 ml. of water. 
The pH was adjusted to 6-8—7-0 with 40 % KOH, the volume 
made up to 50 ml., and the solution filtered and stored at 4° 
under toluene. Its concentration will be referred to in terms 
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of the original weight of insulin. This preparation was 
assigned a potency of 100. 

Basal medium. The medium previously described (Clegg 
et al. 1952) was modified by omitting Norite-treated peptone 
and adding L-asparagine (Table 1). 

Bacteriological procedure. Lb. casei. A.T.C.C. No. 7469, 
was used throughout this study as the test organism. 
The maintenance of the culture and other bacteriological 
techniques have been described previously (Clegg et al. 1952). 

The inoculum was standardized to contain 30 yg. of dry 
wt. of bacteria per ml. and one drop was seeded aseptically 
into 10 ml. medium. The seeding contained 1 yg. of dry wt. 
of bacteria, i.e. about 1 x 10° viable cells as determined by 
the plate count method. 

The assay tubes were incubated at 37° for 18 hr. and the 
resulting growth was measured turbidimetrically against 
the corresponding blank in a single-cell photoelectric 
colorimeter, using a neutral grey filter. The results were 
calculated from a calibration curve for Lb. casei in terms of 
dry wt. bacteria. 

Choice of the size of inoculum. It was pointed out by 
Sprince & Woolley (1944, 1945) that the use of a small 
inoculum was important in the assay of strepogenin, since 
with larger seedings the responses due to strepogenin addi- 
tions were less marked. Similar results were obtained in the 
present study. The medium (10 ml.) was seeded with inocula 
of varying strength, increasing in geometric progression. 
Within a range of 0-275-1-1 yg. of inoculum, the ratio of the 
growth stimulation by strepogenin to the concentration of 
inoculum, remained constant. At higher concentrations, the 
blanks increased relatively more than the responses obtained 
with the strepogenin preparation. Therefore, an inoculum 
containing 1 yg. of dry wt. of bacteria was adopted. 
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Fig. 1. Effects of various substances on the rate of growth 
of Lb. casei (18 hr. incubation) compared with the strepo- 
genin standard, IA37°. 


RESULTS 


Effect of various substances on the growth of Lb. casei 


A number of substances have been reported to 
stimulate the growth of Lb. casei and they were 
therefore reinvestigated with the use of the medium 
from which asparagine was omitted. 

It will be seen from Fig. 1 that glutathione and 
glutamic acid had no stimulatory effect. Glutamine, 
added after autoclaving the medium, gave a small 
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Fig. 2. Dose response curves of the strepogenin standard, 
I1A37°, @; insulin, Novo, free of hyperglycaemic- 
glycogenolytic factor, O ; trypsin, Armour, 4; and plasma 
albumin, bovine, Armour, x. 
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Fig. 3. Dose response curves of the strepogenin standard, 
1A37°, @; insulin, sheep, Boots Pure Drug Co. Ltd., 4; 
chymotrypsin, Armour, © ; tobacco mosaic virus, x. 


Table 2. Strepogenin activity of insulin, liver and 
yeast preparations 


Relative 
strepogenin 

activity 
Material* (%) 
Insulin, bovine;f strepogenin standard, [A37° 100 
Insulin, bovine;} unhydrolysed ll 
Insulin, bovine;f different batch 112 
Insulin, bovine;} recrystallized 95 
Insulin, bovine;} hydrolysed with 103 

chymotrypsin 

Insulin, pigt 412 
400 


Insulin, sheept 
Insulin, Novo, free of hyperglycaemic- 90 
glycogenolytic factor 


Hepamino, proteolysed liver powder, Evans; 20f 
unhydrolys1 and hydrolysed 

Liver fractioa L, Wilson; unhydrolysed and 2t 
hydrolysed 

Marmite, yeast extract; unhydrolysed 6 


* Except where mentioned, all materials were hydrolysed 
with cone. HCl for 3 hr. at 37° and tested at three or more 
levels. 

+ These preparations were obtained from Boots Pure 
Drug Co. Ltd. 

t Values denote activity not strictly comparable to the 
strepogenin standard. Activities were calculated at 3-5 
and 50mg. per 10 ml. medium for Hepamino and liver 
fraction L respectively. 


growth response. However, the response was con- 
siderably below that obtained with the strepogenin 
standard. Asparagine and aspartic acid also had a 
small stimulatory effect during the 18 hr. test period. 
In the medium used for assay, i.e. with asparagine 
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present, no further stimulation of growth was 
observed with either glutamine or aspartic acid. 
Kodicek & Mistry (1949) noted that the presence of 
asparagine greatly enhanced the effect of strepo- 
genin preparations and therefore it was included in 
the medium. A detailed study of these effects will 
be reported in another communication. 


Table 3. Strepogenin activity of purified proteins 


Relative 
strepogenin 
activity 
Material* (%) 
Insulin, bovine, Boots Pure Drug Co. Ltd.; 100 
strepogenin standard, [A 37° 
Pepsin, Armour, 1:10000 potency; 19 
unhydrolysed 
Pepsin, Armour, recrystallized, 1: 60000; 6 
unhydrolysed 
Pepsin, Armour, 1:10000 39 
Pepsin, Armour, recrystallized, 1: 60000 160t 
Peptides ]6P obtained on recrystallization of 17 
pepsin, Armour, 1: 10000 
Trypsin, Armour 48 
Chymotrypsin, Armour 153+ 


Turnip yellow mosaic virus 

Tobacco mosaic virus 

Myosin, rabbit 

Lactoglobulin, crystalline 

Plasma albumin, bovine, Armour 

Egg albumin 

Crude protein from degraded wool 

Globin, horse 

Globin, human 

Globin, cow 

Haemoglobin, bovine, Armour 

Pea globulin 

Edestin 

Gelatin 

Salmin sulphate, British Drug Houses Ltd. 

Casein, vitamin-free, Labco 

Casein, vitamin-free A/E, Glaxo 

Casein, vitamin-free LW, Glaxo 

Casein, vitamin-free, Hopkin & Williams 

Casein, hydrolysate, vitamin-free, Ashe; 
unhydrolysed 

Casein hydrolysate, for oral administration, 
unhydrolysed 


* Except where mentioned, all materials were hydrolysed 
with conc. HCl for 3 hr. at 37° and tested at three or more 


levels. 
{ Values denote activity not strictly comparable to the 


strepogenin standard. 
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With the modified medium (Table 1), a linear dose 
response was regularly obtained when the logarithm 
of the dose was plotted against the dry weight of 
bacteria (Figs. 2 and 3). The agreement between 
triplicate tubes within an experiment at all the 
levels tested was satisfactory, with a coefficient of 
variation less than 5%. 

The method has been applied to the assay of the 
strepogenin activity in a number of highly purified 
proteins and biological preparations (Tables 2 and 3). 
The results were expresséd as a percentage of the 
activity of the standard (IA 37°). Since the method 
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of hydrolysis used for preparing the strepogenin 
standard was shown to liberate the maximum 
activity from the intact insulin molecule, the same 
procedure was adopted for the test materials. It is 
realized, however, that the activities may not be a 
true measure of the strepogenin content of materials, 
but represent only the activity liberated from pro- 
teins under comparable conditions. It may be that 
other methods of hydrolysis would yield higher 
values. 

The materials were assayed usually at three or 
four levels. From the results, a logarithmic dose 
response curve was constructed and the relative 
potency was calculated from the linear dose re- 
sponse of the standard (IA 37°). If the slope of the 
dose response curve of the substance differed from 
that of the standard, the calculated activity varied 
at different levels. This is denoted in the tables by an 
asterisk and will be discussed below in more detail. 

Insulin and liver preparations. The strepogenin 
activity of hydrolysed bovine insulins from different 
batches did not vary more than about 10%. Recrys- 
tallization of insulin or chymotrypsin digestion did 
not result in a further increase in potency. Unhydro- 
lysed bovine insulin showed only negligible activity. 

Sutherland, Cori, Haynes & Olsen (1949) have 
reported the separation of a hyperglycaemic-glyco- 
genolytic (H-G) factor from amorphous and crystal- 
line insulins. Insulin, Novo, which contains no H-G 
factor, had 90 % of the strepogenin activity of the 
crystalline insulin standard. This indicated that the 
activity of the latter was not associated with the 
H-G factor. 

The relative distribution of strepogenin activity 
in insulins showod certain species differences. The 
pig and sheep insulins were about four times as 
active as bovine insulin, but the greater activity 
could not be correlated with the differences in their 
amino-acid content (Sanger, 1949). 

Wilson liver fraction L, and proteolysed whole 
liver powder, Hepamino Evans, tested up to levels 
of 50 and 4 mg. respectively, per 10 ml. medium, 
had a low activity (Table 2). At higher concentra- 
tions, however, their growth-stimulatory effect 
surpassed that of the strepogenin standard (Fig. 4). 

Crystalline enzymes, viruses and other proteins 
(Table 3). Recrystallized pepsin and chymotrypsin 
‘Armour’ when hydrolysed had a high activity of 
the order of 153-160 %. Less pure samples were less 
active. In agreement with this finding, the peptides 
‘16P’, impurities obtained on purification of 
pepsin (Ingram, 1950), had also a negligible 


strepogenin content. The unhydrolysed enzymes 
showed very little activity (6-19 %). 

Turnip yellow mosaic virus and tobacco mosaic 
virus showed a high strepogenin content (56-86 %) 
when hydrolysed, although the slopes of the dose 
response curves were different from that of the 
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standard. The unhydrolysed tobacco mosaic virus 
was only 6 % active. 

Myosin, lactoglobulin and plasma albumin were 
a good source of strepogenin activity, but the 
steeper response curves obtained with myosin and 


Hepamino, 
proteolysed liver Po ws 
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Fig. 4. Growth responses of liver preparations compared 
with the strepogenin standard, IA 37°. 


lactoglobulin were not strictly comparable to the 
strepogenin standard. Other proteins, including 
casein, had a negligible potency. 


DISCUSSION 


In the present study a medium has been used which 
is fully supplied with known growth factors and any 
increase in the rate of growth should be due to un- 
known factors. In the presence of an optimum con- 
centration of the strepogenin standard an increase in 
growth of as much as about 1000 yg. of dry weight of 
bacteria per 10 ml. medium was obtained within 
18-20 hr. of incubation. 

Under these conditions the strepogenin activity 
seemed to be a specific property of certain partially 
hydrolysed proteins and could not be replaced by 
the various substances tested such as glutamine, glu- 
tamic acid, glutathione, asparagine or aspartic acid. 

Intact protein molecules such as insulin, pepsin 
and tobacco mosaic virus showed little or no activity. 
In keeping with its supposed peptide structure the 
strepogenin effect was only observed when the 
protein molecule was broken down by mild acid 
hydrolysis or chymotrypsin. In agreement with 
Sprince & Woolley (1945) the strepogenin activity 
was lost on prolonged treatment with HCl. 

The results for the various proteins and biological 
materials could be classified into two groups. The 
first showed a growth response curve lying, within 
experimental error, parallel with that of the strepo- 
genin standard (Fig. 2). In the second group a 
steeper dose response curve was obtained, which 
diverged significantly from the slope of the standard 
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(Fig. 3). It seems that in these cases factors other 
than those present in acid-hydrolysed insulin were 
effective. The highest potency compared to insulin 
was found in enzyme and virus proteins, myosin, 
lactoglobulin and plasma albumin. Casein had a 
low activity. The comparison of our data with those 
of other authors (Sprince & Woolley, 1945; Wright 
et al. 1950) is difficult because of the different 
techniques employed. The strepogenin activities of 
trypsin, casein, haemoglobin, gelatin and salmin 
agree with those found by Sprince & Woolley (1945). 

Of the biological materials assayed the liver 
preparations showed growth effects characteristic of 
the second group which differed in its behaviour 
from that of the insulin preparation. At low concen- 
trations they showed little activity but at high levels 
the responses surpassed the maximum obtained 
with the strepogenin standard. Their activity re- 
mained the same whether the liver fractions were 
hydrolysed or not. It seems that besides strepo- 
genin, other factors are present in liver preparations 
which are considerably more potent in stimulating 
the growth of the organism. The effects may be 
similar to those reported by Stokes, Koditschek, 
Rickes & Wood (1949) and Verdier & Agren (1948). 

The factors seem to be different from vitamin B,, 
which has no stimulatory effect on Lb. casei. More- 
over, the Wilson liver fraction L was active, al- 
though it does not contain the anti-pernicious 
anaemia factor. 

The identical activity of unhydrolysed and hydro- 
lysed liver preparations would seem to exclude 
factors of peptide nature, unless such peptides are 
normally present in the unhydrolysed materials, as 
indeed has been shown by Borsook et al. (1949), who 
isolated a peptide ‘A’ from unhydrolysed homo- 
genates of liver. 

The stimulatory effect of strepogenin prepara- 
tions, observed during the early growth period, is 
most likely due to the shortening of the lag period. 
Whether the response given by the insulin prepara- 
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tion is due to one specific substance or a number of 
substances is difficult to decide. It seems that the 
stimulatory effect of partially hydrolysed proteins 
is more specific than suggested by the unspecific 
peptide theory of Dunn & McClure (1950). This 
would not explain the great differences in activities 
of proteins otherwise closely related. On the other 
hand, these activities cannot be explained by the 
existence of a single factor, but indicate that the 
strepogenin effect may be due to certain peptides 
which have a particular configuration. 


SUMMARY 


1. A satisfactory procedure for the assay of 
strepogenin activity has been developed. 

2. The method was applied to the assay of 
strepogenin in highly purified proteins. Insulins 
from various species differed in their activity. Liver 
preparations, as well as some of the pure proteins 
assayed, seem to contain a factor or factors con- 
siderably more potent than the insulin preparation 
used as the strepogenin standard. 

3. The peptide(s) responsible for the strepogenin 
activity were shown to be an integral part of the 
protein molecule and not associated with an 
impurity such as the hyperglycaemic-glycogeno- 
lytic factor present in commercial preparations of 
crystalline insulins. 

4. Glutamine, asparagine and aspartic acid 
showed a slight strepogenin-like activity; glutamic 
acid and glutathione were inactive. None of these 
substances could replace the strepogenin effect of 
partially hydrolysed proteins. 
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R. Markham, F. Sanger, J. M. L. Stephen and E. C. Webb 
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the receipt of a research grant from the Foreign Education 
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Sedimentation and Diffusion of Human Albumins 
1. NORMAL HUMAN ALBUMINS AT A LOW CONCENTRATION 


By P. A. CHARLWOOD 
Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, London, W. 1 


(Received 4 September 1951) 


The sedimentation and diffusion of normal human 
albumins have been studied as the initial part of a 
programme designed to investigate whether the 
molecular weights of the serum and urinary proteins 
in cases of nephrosis do differ from normal, as has 
been suggested by a few observers (e.g. Bourdillon, 
1939). The present results are being communicated 
separately, as some delay appears likely before 
sufficient suitable pathological samples have be- 
come available for study. 

Since the final object of this work is a comparison 
of normal and pathological materials, the limitations 
thus imposed have affected both the detailed 
technique and the scope of the experiments. 
Although it is well known that the albumin fraction 
isolated by electrophoresis contains at least two 
distinct components (e.g. Hoch & Morris, 1945), this 
method of isolation was selected, as the purpose was 
to determine the mean molecular weight of the 
albumin fraction. In any case no human albumin 
preparation yet obtained satisfies all criteria of 
purity. A particular advantage of the electro- 
phoretic method in dealing with nephrotic sera is 
the possibility of separating albumin free from 
«-globulin, which is usually present in greatly in- 
creased amounts in such cases. 

Sedimentation experiments require little protein, 
whereas, until recently, diffusion work needed appre- 
ciably more. The introduction of the Gouy diffusio- 
meter (Coulson, Cox, Ogston & Philpot, 1948; Ogston, 
1949) has made it possible to obtain results with small 
amounts of material and much more rapidly. The 
limiting factors introduced by working with patho- 
logical samples are the small volumes of serum often 
obtainable and the low concentration of urinary 
protein. Electrophoretic isolation of more than a 
certain volume of protein solution (in this case 6 ml.) 
can be laborious and excessively time-consuming. 
It was, therefore, considered impracticable (often 
almost impossible) to prepare sufficient albumin to 
enable the values of 8%) ,,and D&, ,, to be measured 
as a routine by extrapolation to zero concentration. 
Since the indications are that $ ,, and Do ,, vary 
rather slowly with moderate alterations in concen- 
tration so far as globular proteins are concerned, it 
was decided to make all measurements at a standard 
low concentration of 0-2—0-3%, when results should 
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all be comparable and should not differ very greatly 
from s}, ,,and D>, ,,. All values of s are in Svedberg 
units and values of D in units of 10-7 cm.? sec.-!. 


EXPERIMENTAL 


Samples of blood from normal individuals were collected 
without any preservative, allowed to stand overnight in the 
refrigerator, and the sera separated by low-speed centrifuga- 
tion. After removal of the few residuai red cells by centrifu- 
gation at a slightly higher speed, the serum was diluted with 
buffer to give a total protein concentration of about 2%, and 
dialysed in the cold against 21. of buffer for 2-3 days. 





Fig. 1. Electrophoretic pattern of human serum albumin. 
Ascending (anode) limb. Migration is from left to right. 
Verona] buffer, pH 8-6, J =0-05. Protein0-7%. Exposure 
after 56 min. at 6-3 V./cm. 


Electrophoretic separations were carried out in the standard 
form of Tiselius apparatus at +0-5°, the albumin boundary 
in the ascending limb being held stationary at a suitable 
level by means of an electrolytic compensator, as described 
by Johnson & Shooter (1949). Phosphate buffer (pH 8-0, 
I=0-1), used in the preliminary work, was found not ade- 
quately to resolve «,-globulin from albumin. A number of 
experiments were then carried out in veronal buffer (pH 8-6, 
I=0-05), but, since even here the resolution of «,-globulin 
may not be sufficiently good, the medium finally adopted 
was veronal buffer (pH 8-6, J =0-1). The maximum current 
considered safe, so far as heat convections were concerned, 
was about 20 ma. It was then possible after 6-10 hr. to 
recover from the ascending limb 3 ml. of solution containing 
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0-5-1-0% albumin. In order to check that no accidental 
contamination with globulin had occurred, every sample of 
albumin was examined in the micro cell of the Tiselius 
apparatus, a typical electrophoretic pattern being that 
shown in Fig. 1. About 4 ml. of solution, containing all the 
albumin, were removed from the micro cell. The concentra- 
tion was calculated from the area of the peak in the diagonal 
schlieren pattern, the appropriate constants of the optical 
system being known. After dilution to bring the concentra- 
tion into the selected range the albumin solution was 
dialysed for 5-6 days prior to sedimentation and diffusion. 
The few early preparations made in phosphate buffer were 
dialysed against the same buffer at this stage. Samples 
obtained in the veronal buffer of J=0-05 were dialysed 
against 0-2N-sodium chloride, but in the later work the 
sodium chloride concentration was reduced to 0-05N for the 
reason discussed later. 

Sedimentation measurements. These were made in a Spinco 
ultracentrifuge, a short description of which has been given 
by Smith, Brown, Fishman & Wilhelmi (1949). The cell and 


Fig. 2. Ultracentrifuge pattern of human serum albumin. 
Sedimentation is from right to left. Sodium chloride 
solution, 0-2N. Protein 0-2%. Exposure 71 min. after 
reaching full speed. 


rotor are of conventional design and dimensions. The rotor 
spins in a high vacuum (~0-5 uw. of mercury) which is main- 
tained by rotary oil and oil diffusion pumps. It is driven by 
an electric motor transmitting power to a special gear box 
(ratio 5:1) and a shaft which enters the vacuum chamber 
through an oil-seal of the type used in air-turbine machines. 
The rotor can be run at a series of set speeds, each of which 
is automatically maintained. Once the set speed is reached, 
variations are due almost entirely to fluctuations of mains 
frequency. A revolution counter, geared down in the ratio 
6400:1, is provided which, together with a stop-watch, en- 
ables the mean speed during any interval of time to be deter- 
mined accurately. A diagonal-bar schlieren optical system is 
incorporated, and photographic exposures can be taken 
either automatically at set intervals or manually. One such 
record is shown in Fig. 2. 

The practice followed in these runs was to bring the rotor 
to full speed (60 000 rev./min.), to take the first photograph 
after about another 20 min. when the albumin peak had 
fully separated from the meniscus, and thereafter to take 
another four photographs automatically at 16 min. intervals. 
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As a routine the average speed of rotation was calculated 
from the counterreadingsimmediately after the first and last 
photographs, but the speed during individual intervals 
could deviate from this. However, experiments in which the 
mean speed was also determined between each successive 
pair of photographs gave results almost identical. Further 
justification for the simpler procedure was provided by the 
small standard errors of the slopes of the log x —¢ lines (see 
Results). A final check on the accuracy of the counter was 
obtained by comparing its readings with the light impulses 
registered on an electronic counter fed from a photocell 
interposed in the optical system. 

Travelling microscope measurements of the records (to the 
nearest 10.) gave the distance of the boundary (defined as 
the maximum of the symmetrical peak observed) from the 
index marks. The boundary was thus located with adequate 
sharpness, and the correctness of its position was checked by 
verification of the magnification of the optical system 
(~ 2:1) over different parts of the field. The known distances 
of the index marks from the axis of rotation, which were 
measured several times, allowed the distance (x) of the 
boundary from that axis to be calculated at different 
times (é). 

Before the chamber was shut the rotor temperature was 
recorded by means of a contact thermocouple with a refer- 
ence junction immersed in an intimate mixture of ice and 
water in a Dewar vessel. The scale of the indicating galvano- 
meter was carefully calibrated with the measuring couple at 
a series of temperatures registered by a standard thermo- 
meter. The rotor temperature at the end of these runs was 
usually 1-0-1-5° higher than initially. The mean of initial 
and final rotor temperatures was taken as the temperature 
during the run (Pickels, 1950). In view of the importance of 
an accurate temperature estimation, both the contact 
thermocouple calibration and the standard thermometer 
were checked from time to time. 

Possible variations in rotor temperature, due to different 
causes, were investigated as follows. The thermocouple leads 
were introduced into the vacuum chamber in such a way 
that the temperature of the (stationary) rotor could be 
observed whilst evacuation took place. This proved that no 
measurable change of temperature occurred during the 
process. It was also shown that no appreciable flow of heat 
took place along the driving shaft to (or from) the gear-box. 
Since the effect of any residual air in the chamber must be to 
raise the temperature of the moving rotor, the observed rise 
needs no other explanation. Low results (see Discussion) 
would make it necessary to postulate that the rotor tempera- 
ture during the runs was actually lower than was believed. 
The only remaining possibility of error in estimating the 
temperature arises from the use of the refrigerating coils 
round the chamber to diminish or prevent the overall 


' temperature rise in the rotor. If the refrigeration produced 


a drop in rotor temperature during the run, whilst admission 
of air to the chamber at the conclusion of the run caused a 
rapid rise, the estimated mean value would be too high. 
Although evidence against this hypothesis was quite de- 
cisive, as will be seen from the examples shown in Table 1 of 
duplicate experiments carried out with and without cooling, 
refrigeration has been dispensed with at present in order to 
eliminate any possibility of criticism on this point. 
Diffusion measurements. The Gouy diffusiometer used 
here was the model described by Creeth (1952), a version of 
the instrument developed by Coulson et al. (1948) and 
Ogston (1949). The technique followed was exactly that 
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described by Creeth (1952), the only points it is necessary to 
emphasize being as follows. With the dilute solutions used it 
is vital that the value of j,, (Longsworth, 1947) for the dia- 
lysed protein solution should be measured with the greatest 
possible precision. Thus, it is obvious from the equation 
which describes the behaviour of mixtures (Ogston, 1949) 
that, should there be an excess or deficiency of salts in the 
protein solution (due to such causes as lack of dialysis 
equilibrium, or accidental dilution of the upper solvent 
layer through insufficient washing out of the diffusion cell), 
an incorrect result will follow. This is the reason for the 
ample time allowed for dialysis. To guard against evapora- 
tion, dialysis was carried out in closed vessels and the 
dialysis bags were not removed until immediately before the 
diffusion experiments. In some of the later work, as an 
additional precaution, the strength of the sodium chloride 
was reduced to 0-05N, a value still high enough to depress 
anomalies under the conditions of these experiments. 
Although dialysis took place in the refrigerator, for the last 
few hours the solutions were left at room temperature to 
allow dissolved air to be expelled. Otherwise the value of 
jm Might have been affected slightly (Gosting & Morris, 
1949), and air bubbles were liable to form in the diffusion 
cell, interfering with the optics and rendering an experiment 
worthless. 

The pipette holds sufficient solution for three or four runs, 
but experience has shown that the first run may give a 
spuriously high result, evidently through insufficient 
‘clearing’ of the cell. After this initial run, which was not 
recorded, the boundary was sharpened again, and the next 
two runs were recorded. Generally there was enough 
material to repeat the whole procedure with a further 
pipette-full, giving four independent determinations with 
each solution. 

In one case a stronger solution of albumin was prepared 
(0-9%) and diffusion carried out in 0-2N-sodium chloride 
solution. The resulting patterns contained a large number 
(33) of interference minima, the relative positions of which 
could be analysed to show whether or not the boundary 
involved an essentially Gaussian distribution. 

Photography. Both electrophoretic and diffusion patterns 
were recorded on Ilford Thin Film Half Tone Panchromatic 
plates, the former being processed in a caustic-quinol 
developer, whilst for the latter ‘ Wellington borax’ developer 


SEDIMENTATION AND DIFFUSION OF ALBUMINS 


115 


was used in order to reduce the grain size. This borax de- 
veloper was also used for the ultracentrifuge plates, which 
were Ilford Rapid Process Panchromatic. 


RESULTS 
Sedimentation experiments 


log. %2/2 hen 
w*(t,— ty) 
calculating the sedimentation constant for succes- 
sive time intervals (Svedberg & Pedersen, 1940). 
These are then corrected for temperature, etc. As 
the exact manner of the temperature variation of 
the rotor in the Spinco ultracentrifuge is not known, 
the mean value of s was worked out from the slope 
of the best straight line through the points on the 
graph of log x plotted against ¢ (cf. Cecil & Ogston, 
1948), w and T' being taken as the mean values for 
the whole run (see above). The standard error of the 
slope was always small (0-2—1-0 %). The sedimenta- 
tion constants, all reduced to water at 20°, are 
shown in Table 1. 

The degree of reproducibility, illustrated by pre- 
parations 2 and 3, was quite satisfactory, particu- 
larly in view of the fact that in the alternate runs 
refrigeration was used. Any real differences between 
the values of 899 ,, for different solutions due to con- 
centration effects are estimated as at most 1 % and 
therefore less than the errors involved. The mean 
value, 4-25, for preparations made in 0-1J veronal is 
statistically just different from the mean of the rest 
(taking the probability limit as 0-05). Nevertheless, 
as this might have been due to a small error in the 
original calibration of the thermocouple, the mean 
value of all results, 4-28, is used in the discussion. 


The formula s= often been used for 


Diffusion experiments 
Mean values of the diffusion constants for each 
sample, reduced to water at 20°, are recorded in 
Table 2. Except in one case, all determinations on 


Table 1. Sedimentation constants of normal human serum-albumin preparations 


Protein 
Serum Buffer used Solvent for concn. 
no. in isolation sedimentation (%) 829, w 
1 Phosphate (J =0-1) Phosphate (J =0-1) 0-29 4-30* 
2 Veronal (J =0-05) 0-2 n-Sodium chloride 0-20 4-27* 
2 0-20 4-28 
3 0-21 4-33* 
3 0-21 4-23 
4 0-27 4-34 
5 0-24 4-28 
6 0-27 4-32 
8 Veronal (J =0-1) 0-05 n-Sodium chloride 0-24 4-20 
9 0-26 4-25 
10 0-20 4-29 
11 0-25 4-25 
12 0-24 4:27 
13 0-21 4-24 


* Refrigeration used during these runs. 
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Table 2. Diffusion constants of normal human serum-albumin preparations 


Protein 
Serum Buffer used Solvent for concn. No. of 
no. in isolation diffusion (%) experiments De, w 
4 Veronal (J =0-05) 0-2 n-Sodium chloride 0:27 4 6-44 
5 0-24 2 6-23 
6 0:27 4 6-34 
7 0-23 2 6-26 
8 Veronal (I =0-1) 0-05 n-Sodium chloride 0-24 + 6-44 
9 0-26 4 6-30 
10 0-20 4 6-27 
ll 0-25 4 6-16 
12 0-24 + 6-40 
13 0-21 4 6-28 


the same sample agreed within + 2 %, in accordance 
with the observations of Creeth (1952) at similar 
concentrations. The final mean of all measurements 
was 6-32. Although there was no correlation between 
diffusion constant and concentration, which was not 
surprising in such a narrow range and with relatively 
high errors for individual measurements, detailed 
statistical analysis showed that the differences 
between the various preparations were nevertheless 
just significant on the basis of a probability of 0-05; 
these differences were independent of the buffer used 
in isolating the samples. 


Table 3. Diffusion of normal human serum albumin 
in 0-2N-sodium chloride ; variation of C, with j 


(Time—approximately 10 min. after the beginning of 
diffusion. 7,, =33-59.) 


Y; C; 

j (cm.) (cm.) 
0 0-9677 1-0700 
1 0-8905 1-0677 
2 0-8306 1-0685 
3 0-7771 1-0676 
4 0-7290 1-0670 
5 0-6836 1-0646 
6 0-6420 1-0634 
7 0-6032 1-0625 
8 0-5671 1-0627 
9 0-5331 1-0639 

10 0-4998 1-0633 

12 0-4377 1-0630 

14 0-3804 1-0632 

16 0-3266 1-0621 

18 0-2755 1-0577 

20 0-2278 1-0523 


The sample at 0-9% concentration gave for 
Do, 6-14, 6-11, 6-06 and 6-08 (mean 6-10), repro- 
ducibility being much better than at the lower con- 
centrations. However, the main point of these 
experiments was to obtain records for examination 
of homogeneity. Measurements were made at two 
different time marks on each record, at about 3 and 
10 min. respectively after the beginning of diffusion. 
The equivalent treatments of Longsworth (1947), as 
modified by Gosting & Morris (1949), and Ogston 
(1949) were applied. Typical results are shown in 


Table 3. The values of C, (defined by Longsworth, 
1947) show a pronounced, but fairly small, tendency 
to decrease as 7 increases, proving that there is 
some departure from the ideal Gaussian form. 


DISCUSSION 


Sedimentation constants 


The trend of results in the Spinco ultracentrifuge 
has been mentioned in a recent paper from this 
laboratory (Creeth, 1952). In Fig. 3 the results for 
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Fig. 3. Values of 899 ,, for human serum albumin. Points 
correspond to observations as follows ©, McFarlane 
(1935a); O, Pedersen (1945); @, Oncley, Scatchard & 
Brown (1947); @, this work. The line shown is Pedersen’s 
line of regression. 


normal human serum albumin are compared with 
the values available in the literature. Comparisons 
must take into account: (a) the different methods of 
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preparation of the materials, and (b) the reproduci- 
bility of the individual techniques of measurement. 
The figures published by the American workers 
show a surprising degree of variation, the cause of 
which is not evident. Although the oil-turbine ultra- 
centrifuge yields a series of sedimentation constants 
which increase fairly uniformly with decreasing 
protein concentration, McFarlane’s (1935a) values 
are scattered more widely than those of Pedersen 
(1945). Possible reasons for this are: (a) McFarlane’s 
measurements were made on the albumin peak in 
serum patterns, not on isolated albumin, and (b) it 
does not appear that these particular samples were 
dialysed by him prior to ultracentrifugation. 
McFarlane (1935a) commented that his values did 
not agree to within the full experimental accuracy, 
suggesting the presence in serum of a factor which 
affected the sedimentation constant. This merely 
expressed the fact that the medium was not suffi- 
ciently well defined with respect to its inorganic 
constituents. The presence of the other proteins in 
the initial solution was probably not such a great 
objection since most of the globulins sediment away 
from the more slowly moving albumin. Although 
McFarlane’s results are generally lower than 
Pedersen’s, one sample of normal human albumin, 
isolated electrophoretically by McFarlane (19356) 
and dialysed against 0-1N-sodium chloride, gave a 
sedimentation constant (at 1% concentration) of 
4:39, about 2% higher than Pedersen’s results 
would suggest. 

At the concentrations used in the Spinco, Peder- 
sen’s regression line corresponds to a constant of 4-6. 
The discrspancy between this and the mean value of 
4-28 for the preparations in Table 1 requires careful 
consideration. It must either be due to errors in the 
determination or reside in the protein samples 
themselves. As a check on the latter point a sample 
of crystalline bovine plasma albumin (Armour), 
made up to about 0-5% in, and dialysed against, 
0-2N-sodium chloride solution was used for parallel 
runs in the Spinco and oil-turbine machines. 
Mr J. W. Lyttleton at the Lister Institute obtained 
4-49 in the oil-turbine, as compared with 4-22 in the 
Spinco ultracentrifuge. 

The factors involved in the determinations have 
all been considered and possible sources of error 
checked (see Experimental section). This applies 
particularly to the temperature, the least satis- 
factorily defined variable in ultracentrifuge work. 

These sedimentation measurements, therefore, 
whilst individually still subject to errors of about 
+2%, give a mean value which must be very close 
to the correct values for this concentration range, 
and the oil-turbine figures quoted are too high. This 
is in accord with the conclusions of Cecil & Ogston 
(1948), who found that, unless the conditions of 
running of the oil-turbine ultracentrifuge were 
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carefully standardized, both reproducibility and 
accuracy could suffer. They decided that in one case 
(B-lactoglobulin) previous figures were as much as 
10% high. A sample of their material (1-2% B- 
lactoglobulin in a medium consisting of 0-1N- 
sodium chloride, 0-1N-sodium acetate, 0-04N-acetic 
acid) was obtained from Oxford and its sedimenta- 
tion constant measured as additional support for the 
conclusions formed during this work. The value of 
2-78 from the Spinco, compared with 2-80 by the 
Oxford workers, completely confirmed previous 
deductions. It is also interesting to note that 
Johnston & Ogston (1946) obtained sedimentation 
constants for horse serum albumin which indicated 
a value of 4-45 at 0-25 % concentration. When cor- 
rected by the factor 0-978 (Cecil & Ogston, 1948) 
this becomes 4-35, only slightly different from the 
Spinco value for human serum albumin. 


Diffusion constants 


The literature reveals that the diffusion constants 
of proteins are not known with the accuracy that is 
desirable. Thus Neurath (1942) commented that, 
with the Lamm scale method and conventional cells, 
determinations have standard deviations from the 
mean of 2—3 % for a number of protein preparations. 

References to the diffusion of normal human 
serum albumin are surprisingly few. A determina- 
tion of the diffusion constant at an unspecified con- 
centration by Longsworth & MacInnes (1940) gave 
a value of 3-34 for D),.., which becomes 6-39 when 
corrected to 20°. Values of 6-00 (at 0-5 % concentra- 
tion) and 5-85 (at 0-25 %) were quoted by Pedersen 
(1945) for Dy... According to Oncley et al. (1947) 
preliminary measurements have led them to a 
tentative value of 6-1 for Dy, ,,, but no details were 
given. The values obtained here in the range of 
concentration 0-2—0-3 % have a mean of 6-32, but it 
has been shown that the differences between the 
preparations are significant. The experiment at 
0-9% (Da, »= 6-10) showed that diffusion was not 
quite Gaussian. Since the process is not highly 
concentration-dependent this must be attributed 
to the presence of more than one molecular species 
in the albumin, a fact already known from electro- 
phoretic work (e.g. Luetscher, 1939; Hoch-Ligeti & 
Hoch, 1948). Presumably this also accounts for the 
relatively small differences among the various pre- 
parations. Unfortunately, it was not possible to 
obtain for comparison a sample of human albumin 
prepared by crystallization in the presence of 
decanol (Cohn, Hughes & Weare, 1947). 


Molecular weights 


The mean values for the sedimentation and 
diffusion constants probably differ by no more than 
2% from s%,, and D%,,, respectively. Since both 
constants increase as the protein concentration 
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decreases, the error involved in substituting them 
for 8 %o,,.and D}, ,,in the calculation of a molecular 
weight will be even lower. Unfortunately, mole- 
cular weights calculated from the combined data of 
sedimentation and diffusion constants are dependent 
to a considerable extent on the value of the partial 
specific volume, V, an error of 1% in V causing an 
error of about 3% in the final result. The values of 
4-6 for s$,,, and 6-1 for D>, often quoted (e.g. 
Oncley et al. 1947), give a result of 68 500, but the 
present work gives 61 500 if we assume the same 
partial specific volume, 0-733. 


SUMMARY 


1. The albumin fractions of a number of normal 
human sera have been isolated electrophoretically. 
2. Sedimentation constants for these prepara- 
tions in the concentration range 0-2—0-3 % are con- 


P. A. CHARLWOOD 





1952 


siderably lower than the hitherto accepted values. 
The reasons for this have been thoroughly explored. 

3. Diffusion measurements in the Gouy diffusio- 
meter show small, statistically significant variations 
from one preparation to another. 
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work. He is indebted to Dr J. M. Creeth for many stimu- 
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Lister Institute, to Dr A. G. Ogston for the f-lactoglobulin 
solution, and to Drs D. N. Baron and J. M. Johnstone for 
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The Proteins of Arachis hypogaea and Fibre Formation 


By R. H. K. THOMSON 
Imperial Chemical Industries Ltd. Nobel Division, Fibres Research Department, 
Stevenston, Ayrshire 


(Received 10 May 1951) 


In the course of development of a textile fibre from 
the proteins of the groundnut (Arachis hypogaea) 
these proteins have recently been the subject of 
considerable study. Included in this has been the 
laboratory fractionation of the proteins and an 
examination of the fractions as fibre-forming 
agents. 

The protein of the groundnut appears to have 
been first investigated with other vegetable protein 


systems by Ritthausen (1880), who extracted the 
proteins from the oil-free groundnut meal with 
aqueous sodium chloride and weakly basic solutions, 
and precipitated them by acidification. Ritt- 
hausen considered the solids so obtained to be 
identical. The investigations of Johns & Jones (1916) 
have indicated that the total protein of the nut con- 
sists of globulins and a very small amount of heat- 
coagulable albumin. They found it was possible, by 
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means of ammonium sulphate fractionation of a 
sodium chloride extract of groundnut meal, to 
separate the globulins into two fractions—‘arachin’ 
and ‘conarachin’—which have been found to differ 
in optical rotation and in the content of sulphur, 
basic nitrogen, lysine, methionine, cystine, threo- 
nine, tryptophan and tyrosine. Later Jones & Horn 
(1930) stated that arachin could be prepared from 
10 % sodium chloride extract by dilution until the 
extract became cloudy, followed by saturation 
with carbon dioxide, or by the addition of 2 vol. of 
saturated ammonium sulphate to 3 vol. of the ex- 
tract. Arachin could also be obtained by dilution 
alone. Conarachin, which was the more soluble 
fraction, could not be isolated by dilution, but 
could be precipitated by dialysis from the filtrate 
after precipitation of the arachin fraction, or by 
complete saturation with ammonium sulphate. 
Conarachin can be coagulated at a lower temperature 
than arachin. The fractional precipitation of protein 
mixtures is known to be an arbitrary procedure (cf. 
Cohn et al. 1940) and it is not easy to decide whether 
the arachin and conarachin are single proteins or 
mixtures in more or less constant proportions. In 
order to determine whether these protein fractions 
were homogeneous, Irving, Fontaine & Warner 
(1945) conducted electrophoretic analyses on ground- 
nut meal, arachin and conarachin. Their results 
indicated that the meal contained at least three and 
probably four components, and that the arachin and 
conarachin fractions each consisted of mixtures of at 
least two components. Johnson (1946) investigated 
the groundnut protein fractions by the ultracentri- 
fuge. He found that the arachin obtained by dilution 
and addition of carbon dioxide consisted of at least 
two sedimenting species of protein, while arachin ob- 
tained from ammonium sulphate fractionation had 
only one major constituent. Danielsson (1949) has 
made a study of seed globulins in the ultracentrifuge 
and showed the globulins of many leguminous 
plants, including A. hypogaea, to contain ‘vicilin’ 
and ‘legumin’ with molecular weights of 186 000 
and 331 000 respectively. He made no attempt to 
relate his fractions to arachin and conarachin. 
Karon, Adams & Altschul (1950) have shown by 
electrophoretic measurements that groundnut pro- 
tein consists of two major and several minor com- 
ponents. If the protein was separated from a meal 
which had been washed with water and adjusted to 
pH 5 to remove soluble sugar and phytin, the major 
component separated into two almost equal frac- 
tions. There is evidence of the close relationship 
between the protein components of the groundnut 
in the interconversion from one component to the 
other which takes place in alkaline buffer solutions. 

Johnson, Joubert & Shooter (1950), in more recent 
work, have investigated reversible dissociation of 
the arachin fraction. They have shown that the 
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parent molecule of this fraction with a molecular 
weight ofabout 400 000 dissociates under appropriate 
conditions into two sub-units of molecular weight 
200 000. The parent and sub-molecules are very 
easily distinguishable with the ultracentrifuge. 

From the literature it appeared that the most 
practical method for preparing protein fractions 
in experimental quantities was fractionation by 
differential solubilities. Differential solubility in 
various concentrations of sodium chloride, indicated 
by Jones and his co-workers and Johnson and his 
co-workers, seemed the simplest procedure. The 
possibility of fractionation using salts other than 
sodium chloride and even aqueous solvents other 
than salt solutions has not been overlooked, but the 
work reported here has been restricted to the use of 
sodium chloride. Methods of fractionation based on 
electrophoresis or ultracentrifugation appeared to 
offer no opportunities on the scale necessary. 


EXPERIMENTAL 


In the literature the principal method of extraction of the 
protein from groundnut meal is by extraction with salt 
solution. In the extraction of protein for fibre manufacture 
by the ‘Ardil’ process described by Traill (1945) dilute 
aqueous caustic soda (0-1 g. NaOH/1. of water) is employed, 
and the protein is precipitated from this solution by 
adjusting to the pH of lowest solubility, which is 5. Protein 
extracted and precipitated in this way may be washed and 
spray-dried. This spray-dried product is the starting point 
for the investigation described in the present paper. 

The work on fractionation of spray-dried groundnut 
protein divided itself into three main sections: 

(a) The investigation of the solubility of spray-dried 
protein from nuts from various sources in aqueous solutions 
of NaCl. 

(b) The study of the fractions present by a chromato- 
graphic technique. 

(c) Isolation of suitable fractions in sufficient quantity for 
tests of fibre-forming properties. 


The investigation of the solubility of spray-dried 
groundnut protein from nuts from various sources in 
aqueous solutions of sodium chloride 


The separation of groundnut protein into two fractions, 
one of which was soluble in both 10 and 2% (w/v) aqueous 
NaCl in slightly acid solution, and one which was soluble in 
10%, but insoluble in 2% aqueous NaCl under the same 
conditions, may be a considerable simplification of complex 
solubility phenomena. It was decided to study in more 
detail the effects of varying salt concentration and pH value 
over a limited range. This range was from 0 to 10% NaCl 
concentration and pH 1-7, and within this range the protein 
solubilities were determined. Spray-dried protein (4 g.) was 
shaken in 100 ml. aqueous salt solution of the stated con- 
centration, the pH was adjusted with NaOH or HCl (dilution 
due to this was kept negligibly small) until equilibrium was 
attained at the required value and the mixture was filtered. 
The residue was washed with large volumes of methylated 
spirit to remove the water and at least some of the salts 
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and then the methylated spirit was washed out with 
acetone. The residue was oven-dried and weighed. By this 
method the protein which remains behind on the filter 
paper will be contaminated with NaCl. The errors caused by 
this salt were less than 2% of the weight of residual protein. 
Difficulties were encountered because in each pH range at 
certain salt concentrations the whole of the protein residue 
swelled and became jelly-like. Under these conditions the 


100 

2 80 
>= o —as: 
22 60 ee 
ge | 
: < “ = oe 
- 
YO 20 =I —— ee | 
oc omen 

a oe i "oe 


CT 2 se Ss 6 ae 
NaCl (g./100 ml. solvent) 


Fig. 1. Fractional solubility of groundnut protein (batch 1) 
in aqueous sodium chloride. For details see text. A, pH 7 
DO, pH 5; x, pH 3; O, pH 1. 
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Fig. 2. Fractional solubility of groundnut protein (batch 2) 
in aqueous sodium chloride. For details see text. A, pH7; 
LD, pH 5; x, pH 3; O, pH 1. 


distinction between soluble and insoluble was far from clear- 
cut. Figs. 1 and 2 show the solubilities of protein from two 
samples of groundnuts (from two different areas in Africa) in 
aqueous NaCi solutions (0-10 %, w/v) in the pH range 1-7. 
Such data are best considered as a solid diagram, and such 
solids can be visualized from Figs. 1 and 2, the curves being 
cross-sections. In Fig. 1 the following may be observed: 
(i) the point of minimum solubility (pH 5 in water) becomes 
more acid as salt concentration increases; (ii) at pH 7 the 
solubility is high at all salt concentrations; (iii) there is a fall 


in solubility between salt concentrations of 9 and 6% at 


pH 5. This last appears to be due to the insolubility of 
Jones’s arachin at low salt concentration. In Fig. 2 it may be 
seen that the fall in solubility described in (iii) is not present. 
The protein of Fig. 2 appears to be deficient in arachin. It 
may be seen that separation into the two solubility forms of 
Jones (both soluble in 10% salt but only one soluble in 2% 
salt) can be carried out at pH 5. This pH value corresponds 
reasonably with that attained by Jones on the addition of 
CO, and exactly with the pH value used by Johnson. The 
spray-dried protein from both sources contains a fraction 
which is insoluble in 10% salt; this at pH 7 amounts to 
about 30% of the whole protein and at pH 5 to about 50%. 
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The study of fractions present by a 
chromatographic technique 


At this stage in the work the need for a rapid method for 
identifying arachin and conarachin was felt. A chromato- 
graphic technique was evolved which showed considerable 
promise. 

If a 10% (w/v) aqueous solution of NaCl is allowed to 
diffuse from a reservoir across a filter paper already wet by 
water, the diffusion front will not be sharp but will consist of 
a boundary area with salt concentrations varying from 0 to 
10%. The movement of this boundary area will be acceler- 
ated by permitting free evaporation of water from the filter 


Wet 
filter 





0% (w/v) NaC] 


Let 


Fig. 3. Method of making protein chromatogram. 
Protein‘solution is applied over hatched area. 


paper. It has been found that if the first of the diffusing salt 
solution also had groundnut protein in solution, separation 
into two forms, arachin and conarachin, occurred at the 
diffusion front. This was most easily observed by dyeing the 
protein on the paper by the method of Jones & Michael 
(1950). A study has not yet been made of the mechanism of 
this separation, but it seems likely that displacement 
chromatography or salting-in chromatography may occur 
(Shepard & Tiselius, 1949; Swingle & Tiselius, 1951; Tise- 
lius, 1948). The practical details of the development of the 
chromatogram are illustrated by reference to Fig. 3. A 
filter paper is cut into the mushroom shape shown and is 
soaked with distilled water. Any surplus is removed by 
blotting. One drop of a solution of groundnut protein in 
10% aqueous NaCl is placed in the area shaded. This forms 
a barrier above the wick which dips into a vessel containing 
10% aqueous NaCl. As the water from the paper evaporates 
the salt solution spreads upwards and outwards. After 
about 15 min. the paper is ready for dyeing. 

Using this method the arachin and conarachin separated 
quite clearly into lines with a separation of 2-3 mm. 
(Fig. 4). The front line, being in the more dilute part of the 
zone, was identified as conarachin and the rear line as 
arachin. The identity of these lines was tested in several 
ways. According to Jones & Horn (1930) conarachin is 
precipitated by heating. A solution of the protein in 10% 
NaCl solution which gave two lines originally, gave only one 
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after boiling and filtering off the precipitate (Fig. 5). This 
one line was presumably the arachin line. If arachin is pre- 
cipitated from the original ‘two-line’ solution by dilution 
and filtered off, the filtrate should consist of conarachin 
alone. When such a filtrate was fortified with salt to 10% 
again the resulting figure showed one line only, the con- 
arachin line. This solution, mixed with the arachin filtrate 
from the previous experiment, gave a two-line diagram. 


GROUNDNUT PROTEINS 


121 


arachin. The residue was extracted with 10% (w/v) aqueous 
NaCl to give a solution of arachin and a residue of the 
fraction insoluble in 10% (w/v) NaCl. Alternatively, whole 
protein was extracted first with 10% (w/v) aqueous NaCi 
to give a solution of arachin and conarachin, and a residue 
insoluble in 10% (w/v) NaCl. The solution was diluted with 
four times its volume of water to precipitate the arachin. 
Conarachin remained in solution. 





Fig. 4. Chromatogram of groundnut protein in aqueous 
sodium chloride. Conarachin line outside arachin line. 


Similar confirmation was obtained by using the dilution 
precipitate as the source of arachin and the 2% salt extract 
of the whole protein as the source of conarachin. 
Two routes are available for the preparation of arachin and 
conarachin from spray-dried groundnut protein at pH 5. 
In a study of these routes whole protein was extracted 
first with 2% (w/v) aqueous NaCl to give a solution of con- 


Fig. 5. Chromatogram of groundnut protein boiled in 
aqueous sodium chloride. Arachin line showing. 


Fig. 6 shows a full investigation of the two routes using the 
chromatographic technique. From this there is no evidence 
of a form insoluble in 10 % (w/v) aqueous NaCl and soluble in 
2% (w/v) NaCl. 

It would also appear that the chromatographic technique 
separates the proteins into the same fractions as solubility 
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Fig. 6. Chromatographic examination of fractions of groundnut protein. 
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Table 1. Fibre-forming properties of fractionated groundnut protein 


(A =arachin; C=conarachin; X =insoluble in 10 % aqueous NaCl at pH 5.) 


Extruded solution 
(g./100 g. water) 


Fibre-forming 


Fraction Constituents NaOH Protein properties Remarks 

Whole protein ACX 3 26 Good | 

Insoluble in 10% (w/v) NaCl x 0-8 19 Good | Discrete filaments, easily 

Insoluble in 2% (w/v) NaCl AX 1-0 21 Good | stretched 

Arachin A 0-9 24 Good 

Soluble in 10% (w/v) NaCl AC 0-7 18 Bad Stuck filaments, difficult 
to stretch 

Conarachin Cc 0-8 15 Unspinnable Filaments, when formed, 


methods and shows no sign of the complexities in the 
solubility fractions shown by ultracentrifuge and electro- 
phoresis work. No examination of the present preparations 
was made by the latter two methods, and, until this is done, 
it must be supposed that the chromatographic separation is 
as arbitrary as Cohn et al. (1940) consider fractional pre- 
cipitation to be. 


Isolation of suitable fractions for 
jibre-formation tests 


The primary object of this research is the development of 
a protein fibre made from groundnut protein. Experience 
has shown that variations occur in the fibre-forming pro- 
perties of different lots of protein. An accurate method of 
measurement of these fibre-forming properties has yet to be 
developed, but in filament extrusion in the laboratory, in 
accordance with the ‘ Ardil’ process, there is no difficulty in 
assessing fibre-forming properties as good, bad or un- 
spinnable. This assessment is based on the ability, on 
extrusion from a many-holed spinneret, to form discrete 
filaments which, during coagulation, may be stretched to 
several times the extruded length and may be wound out of 
the coagulating bath. Where these conditions are fulfilled, 
fibre formation may be regarded as good. Where the first two 
conditions are not fulfilled, but the third is, the fibre forma- 
tion is bad. Where all three are unfulfilled the material is 
unspinnable. 

With this as a basis, extrusion experiments were per- 
formed on whole groundnut protein and on suitable fractions 
of the same lot of protein. The protein fractions were pre- 
pared for extrusion by dissolving them in dilute aqueous 
caustic soda in accordance with the directions of Traill 
(1945). After maturing for 20 hr. at 20° solutions of suitable 


viscosity were obtained. These solutions were extruded | 


through viscose spinnerets into a coagulating bath at 30° 
composed of 11 ml. H,SO, and 250 g. Na,SO, dissolved in 
1 1. of water. Table 1 shows the fractions used, the com- 
position of the solution extruded and the results obtained. 
The mixed fraction which is insoluble in 2% (w/v) NaCl 
(Table 1) contained arachin and insoluble fractions in the 
same proportions as they occurred in the parent protein, and 
similarly for the arachin and conarachin in the mixed 
fraction which was soluble in 10% (w/v) sodium chloride. 
Both arachin and insoluble fractions were good fibre- 
formers and conarachin was not. A mixture of arachin and 
the insoluble fraction was also a good fibre-former. Con- 
arachin could be tolerated in the proportion in which it 


too weak to remove 
from coagulating bath 


occurs in the whole protein, but when the proportion was 
increased by removing the insoluble fraction, fibre formation 
deteriorated. 

No made-up mixtures of the fractions were studied in 
these experiments, but it is proposed to continue the work 
with such studies. 


DISCUSSION 


The protein of the groundnut, whether extracted by 
aqueous sodium chloride or by aqueous caustic soda 
is of some complexity. The position is not greatly 
clarified by considering the differences in the 
components shown by the solubility evidence, the 
ultracentrifugal evidence and the electrophoretic 
evidence. From the point of view of commercial 
fibre formation the presence of a considerable 
fraction showing no fibre-forming properties what- 
ever is interesting. There is immediate need for a 
study of the interaction of three selected fractions 
(arachin, conarachin and insoluble fraction) on the 
properties of the finished fibre. The fraction which is 
insoluble in 10 % (w/v) aqueous sodium chloride at 
PH 5 requires further study. Some of this fraction is 
soluble in 10 % sodium chloride at pH 7 while more 
of it is not. It may well consist of a less soluble 
derivative of either arachin or conarachin, but no 
experimental evidence is presented in support of 
this view. 


SUMMARY 


1. The solubility has been determined of ground- 
nut protein in aqueous solutions of sodium chloride 
at concentrations up to 10 % (w/v) and over the pH 
range 1-7. 

2. A paper-chromatographic technique has been 
developed which demonstrates the presence or 
absence of arachin and conarachin. 

3. Arachin, conarachin and a third fraction which 
is insoluble in 10% aqueous sodium chloride have 
been studied as fibre-forming agents. 

The author wishes to thank Mr J. E. L. Thomas for helpful 
discussion, and Mr W. Hart for much of the experimental 
work, 
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A Technique for the Identification and Separation of Enzymes 
by Paper Chromatography 
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Paper partition chromatography, first described by 
Consden, Gordon & Martin (1944), has proved an 
effective method for separating the simpler chemical 
compounds from complex mixtures such as protein 
hydrolysates and for identifying them on a micro- 
seale. So far, paper partition chromatography has 
been used chiefly in the analysis of amino-acids, 
carbohydrates, purines, nucleic acids, organic acids, 
vitamins and other substances of biological import- 
ance. Very little is recorded in the literature on the 
application of this technique or of adsorption chro- 
matography on paper to the study of enzymes, 
except the recently published reports by Franklin & 
Quastel (1949), Mitchell, Gordon & Haskins (1949) 
and Reid (1950). Franklin & Quastel (1949) have 
reported their preliminary investigations on the 
enzyme urease. They studied the movement of this 
enzyme on paper, usgng a cysteine-glycine solution as 
the developing solvent and determined the activity 
of the enzyme on paper, manometrically. They 
showed that the movement of the enzyme on paper 
can be followed by this technique, without the en- 
zyme losing its activity during the experiment. How- 
ever, they did not attempt to separate enzymes by 
this technique. Mitchell et al. (1949) made use of the 
‘chromatopile’ (a pile of filter-paper disks) for the 
separation of the constituents of takadiastase pre- 
parations, by placing the enzyme mixture near the 
top of the filter-paper pile and fractionating by a 
process involving solubility in a concentration gra- 
dient. They report that some separation of adenosine 
deaminase from amylase was obtained by using 
aqueous ammonium sulphate as the solvent. In these 
methods the enzymes are located by carrying out a 
series of determinations of the activity of theenzymes 


present in different parts of the paper. This procedure 
is very cumbersome and time-consuming for 
carrying out preliminary investigations on the move- 
ment of enzymes on paper. As a consequence, we 
have employed a simpler technique for locating the 
enzymes on paper, using agar plate containing the 
substrate on which the enzyme acts and suitable 
reagents for the detection of the hydrolysed pro- 
ducts (cf. Goodall & Levi, 1947). The ease with 
which the enzymes on paper can be located by 
means of this technique prompted us to investigate 
the movement of enzymes on paper, with a view to 
separating enzymes by paper chromatography. 
Reid (1950) has given a preliminary account of 
similar studies, chiefly with fungal enzymes. The 
essential feature is the use of precipitating solvents 
such as aqueous acetone or alcohol or salt solutions 
as the moving phase (for references see Swingle 
& Tiselius, 1951). A preliminary account of this 
technique has already been given (Giri & Prasad, 
1951). 

It is intended in the present paper to demonstrate 
the usefulness and potentialities of this technique 
in the study of the chromatographic behaviour of 
enzymes and to describe some examples of the 
separation of enzymes, which have so far been 
achieved in preliminary investigations of some 
important enzyme systems. The study of other 
enzymes is in progress. 


MATERIAL 


The various enzyme preparations used in the present 
investigations were either isolated as dry powder by 
precipitation or obtain >d as aqueous extracts from natural 
sources. 
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Amylases 

Amylase from sweet potato. This enzyme was prepared 
from aqueous extract of the dried powder of sweet potatoes 
by precipitation with 4 vol. of 95% (w/v) aqueous ethanol 
as described by Giri (1934). 0-10 g. of the preparation was 
dissolved in 1 ml. of water and centrifuged to remove the 
suspended impurities, and the clear aqueous extract was 
used. 

Amylase from saliva. The enzyme was prepared from saliva 
according to the method of Hanes & Cattle (1938). 0-30 g. 
of the enzyme preparation was dissolved in 10 ml. of water. 

Amylase from Aspergillus niger. The amylase solution was 
prepared by extraction of 1 part of dry mycelium with 
10 parts of water for 4 hr. and subsequent filtration. The 
clear filtrate was used, without further treatment, as source 
of the enzyme. 

Amylase from rice. Germinated and dried rice powder was 
extracted with 8 times its volume of water and the enzyme 
mixture was precipitated from the extract by the addition 
of three volumes of acetone. The precipitate obtained from 
15 ml. of original extract was dissolved in 0-25 ml. of water. 


Phosphatases 


Kidney and liver phosphatases, The enzyme preparations 
were obtained from acetone powders which were prepared 
from the kidney and liver (sheep and rat) in the conventional 
manner. The tissues were washed free from blood with cold 
water and minced well. The minced tissue was ground 
with acetone and filtered. It was treated with a further 
quantity of acetone followed by ether and filtered. The pre- 
paration thus obtained was first dried in a current of air and 
then in a vacuum desiccator over H,SO,. The dry material 
was ground finely and used for extraction of the enzymes. 

For extraction, 1-0 g. of the powder was triturated with 
20 ml. of cold water for 2-3 hr. The insoluble material was 
removed by centrifugation. The supernatant liquid was 
kept in a refrigerator under toluene. This solution was 
used directly. 

Serum phosphatase. Human, rat and chick sera were used 
as such as source of the enzyme. 


Phosphorylase 

Green gram (Phaseolus radiatus), both resting and germin- 
ated, was used as source of the enzyme. The resting seeds 
were powdered, sieved (100 mesh) and extracted with 5 vol. 
of water for 3-4 hr. at 0°. The clear solution obtained on 
centrifugation was used as a source of the enzyme. For the 
preparation of enzyme extract from the germinated seeds, 
the same proportion of water to the weight of the seeds was 
used for extraction. 


METHODS 


With a micropipette (7-12 ul.) known volumes of the 
enzyme solutions were placed on a filter paper (Whatman 
no. 1; 45-50 cm. long and 14-18 cm. wide) at intervals of 
about 2-5 cm. on a line drawn about 10 cm. from one end of 
the filter paper. Care was taken to confine the enzyme to 
a spot of as small an area as possible (about 1 cm. in dia- 
meter). A total of 50 yl. of the enzyme solution could be 
deposited on the paper within such an area by applying it in 
7-10 pl. portions and allowing to dry before the next 
application. After drying, the paper was hung from a glass 
trough fitted near the top of a rectangular glass chamber. 
The whole assembly was kept in a refrigerator at 0-5°. 
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The bottom of the glass chamber was covered with the 
aqueous solution to maintain suitable conditions of humi- 
dity. The solvent was then poured into the glass trough and 
allowed to spread down the paper sufficiently far beyond 
the starting line. Usually the chromatogram was allowed 
to run until the solvent had advanced about 20 cm. from 
the starting line. Approximately 4-8 hr. run was sufficient 
in most cases. With n-butanol as solvent, however, about 
16-20 hr. were necessary for the solvent front to travel the 
same distance as the other solvents. After the solvent had 
travelled a convenient distance, the paper strip was re- 
moved and the limit of excursion of the solvent marked. 
The paper was allowed to dry at room temperature. The 
position of the enzymes on the paper was located as follows. 


Identification of enzymes on the paper 


The agar-substrate media used for the detection of the 
various enzymes consisted of 2 g. agar-agar, with the fol- 
lowing additions, made to final volume 100 ml. with water. 

Amylases. ‘Soluble starch,’ 1 g. (British Drug Houses 
Ltd.) and 30 ml. of 0-2m-sodium acetate buffer (pH 4-6) 
for sweet-potato amylase or 30 ml. of 0-067M-phosphate 
buffer (KH,PO,+Na,HPO,; pH 7-0) for salivary and 
Aspergillus niger amylases. 

Phosphatases. Sodium phenolphthalein phosphate (0-1 g.) 
and 30 ml. of 0-02M-sodium acetate buffer (pH 5-2) for acid 
phosphatase or 30ml. of 0-1m-sodium glycine buffer 
(pH 9-2) containing also 0-58% (w/v) NaCl for alkaline 
phosphatase. 

Phosphorylases. Glucose-1-phosphate, 0-2 g. (K, salt) 
and 30 ml. of 0-2m-sodium citrate buffer (pH 6-0). 

The mixtures were usually made after autoclaving the 
agar solution. The agar-substrate medium, while still hot, 
was poured on a glass plate 16 by 8 in. This was allowed to 
cool. The dried paper-strip chromatogram was laid gently 
on the agar plate and allowed to remain on it for 4-12 hr. 
at room temp. (20-30°), depending on the activity of 
the enzyme. The paper was then removed gently without 
disturbing the surface of the agar layer and the surface was 
flooded with the appropriate reagent. Iodine solution 
(0-01 N) was used for the detection of amylases and phos- 
phorylases and 0-1 n-NaOH for the detection of phospha- 
tases. We could also locate the position of phosphatases by 
locating the inorganic P formed by their action on sodium 
glycerophosphate. It was, however, found that clear spots 
were obtained using phenolphthalein-phosphate as sub- 
strate. The positions of the enzymes on paper were clearly 
indicated by the formation of coloured or colourless spots 
on the agar plate. The presence of B-amylase or «-amylase 
was indicated by the formation of violet or colourless spots 
respectively against a blue background. Phosphorylase pro- 
duced a blue spot while phosphatases produced pink spots 
against a colourless background. The position of the en- 
zymes on the paper was also indicated by spraying the above 
reagents on the paper itself. It was, however, found that 
well-defined and clear spots were best obtained on the 
surface of the agar plate. 

For locating on the same chromatogram enzymes which 
hydrolyse the same substrate at different pH’s (such as the 
alkaline and acid phosphatases) or act on different sub- 
strates (like phosphorylase and amylase) the paper was cut 
into strips longitudinally, each carrying the enzyme con- 
cerned. The strips were then placed on the agar plate con- 
taining suitable substrate and adjusted to suitable pH. 
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Developing solutions 


The choice of developing solution for the chromatography 
of enzymes is rather limited on account of the labile nature 
of enzymes. It appeared probable that the movement of 
enzymes on paper might be obtained by using the ordinary 
solvents employed for precipitating enzymes. Aqueous 
acetone, aqueous ethanol and saline solution were, there- 
fore, chosen for trial. n-Butanol saturated with water was 
also tried, as it was found to have no deleterious effect on 
the enzymes. After a series of trials with all these solvents 
mixed in various proportions with water, it was found 
that aqueous acetone (20-50%, v/v) and sodium chloride 
(2-20 %, w/v) proved the most useful developing agents for 
the separation of some of the enzymes investigated. The 
enzymes did not travel at all when n-butanol saturated with 
water was used as solvent. 


RESULTS 


Movement of enzymes in various developing solutions 


The technique described was first applied to the study of 
the movement of various important enzymes and later 
extended to the resolution of the individual enzymes in 
mixtures and in extracts of plant and animal tissues. 
Table 1 gives the position on the chromatograms of the 
enzymes from plant and animal tissues and blood sera in 
various developing solutions. The R, values (Consden e¢ al. 
1944) represent the average of several experiments. This 
table is intended to serve as a guide to the relative positions 
of the enzymes on paper, under the experimental conditions. 
The movement of the enzymes is influenced by the nature of 
the accompanying substances present in the enzyme pre- 
parations employed, the concentration of the enzyme, the 
nature of the developing solution and other unknown 
factors. 

It will be apparent from the data given that some of the 
enzymes investigated have high R, values while others do 
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not show any movement at all. Aqueous ethanol (50%, v/v), 
acetone (50 %, v/v) and NaCl solution (2%, w/v) bring 
about the movement of many of the enzymes investigated. 
B-Amylase (from sweet potato), amylase from A. niger, 
phosphorylase from green gram and amylase from germin- 
ated rice show considerable movement, while «-amylase 
(salivary) does not move at all. One of the alkaline phos- 
phatases of kidney and the alkaline phosphatases of rat 
and human sera also do not show any movement. 

Solvents such as n-butanol and acetone containing very 
little water do not bring about the movement of the 
enzymes. 


Chromatography of mixtures of enzymes 


The observation that enzymes move on paper without 
losing their activity and that the rate of movement differs 
from one enzyme to another depending on their degree of 
aggregation and the strength of association with other pro- 
teins and accompanying substances indicates the basis for 
a chromatographic separation of enzymes. The technique 
described above may, in fact, be applied to the separation 
of enzymes from one another, and examples of the 
separation of enzymes which has so far been achieved in 
preliminary investigations are given below. 

Separation of «-amylase (salivary) and amylase from 
A. niger. We have succeeded in separating the components 
of such a mixture, using aqueous acetone (50%, v/v) as the 
developing solvent. A typical chromatogram of a mixture 
of these two amylases is shown in Fig. 1. It can be seen 
from the figure that the separation of the two amylases is 
readily achieved. The salivary amylase remains at the 
starting point, while the amylase of A. niger travels down 
the paper. Thus it is possible by means of this technique 
to separate from one another even closely related enzymes 
like the two «-amylases. Although a mixture of salivary 
amylase and the amylase of A. niger can be separated, the 
complicated shape of the chromatogram obtained in the 
case of a mixture of salivary amylase and f-amylase 


Table 1. Behaviour of enzymes on paper chromatograms 


Enzyme Source 
«-Amylase Aspergillus niger 
B-Amylase Sweet potato 
a-Amylase Saliva 
Amylases Germinated rice 
Amylases Germinated rice 
Phosphorylase Green gram (14 yl.) 

(21 pl.) 
(28 yl.) 
(42 ul.) 
(28 yl.) 
Acid phosphatase Rat kidney 
Alkaline phosphatase Rat kidney 


Acid phosphatase 
Alkaline phosphatase 
Acid phosphatase 


Sheep kidney 
Sheep kidney 
Sheep kidney 


Alkaline phosphatase Sheep kidney 
Acid phosphatase Rat liver 
Alkaline phosphatase Rat liver 


Chick serum (22 yl.) 
Human serum (88 yl.) 
Rat serum (55 yl.) 


Alkaline phosphatase 
Alkaline phosphatase 
Alkaline phosphatase 


Solvent used Rp 
Aqueous acetone (50%, v/v) 0-75 
Aqueous acetone (50%, v/v) 0-50 
Aqueous acetone (50%, v/v) 0-00 
0-33 m-NaCl 0, 0-67* 
Acetone-water 75/25 (v/v) 0 
0-33 m-NaCl 0-77 
0-33 m-NaCl 0-74 
0-33 m-NaCl 0-65 
0-33 M-NaCl 0-55 
3 m-NaCl 0-68 
0-33 m-NaCl 0-61 
0-33 m-NaCl 0-00, 0-67* 
0-33 m-NaCl 0-53 
0-33 m-NaCl 0-00, 0-61* 
Aqueous acetone (30%, v/v) 0-53 
Aqueous acetone (30%, v/v) 0-00, 0-60* 
0-33 m-NaCl 0-63 
0-33 M-NaCl 0-67 
0-33 m-NaCl 0-65 
0-33 m-NaCl 0-00 
0-33 m-NaCl 0-00 


* Two components. 
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from sweet potato renders the separation of these two 
enzymes from one another somewhat difficult at the 
present stage. 

Amylases from germinated rice. Similarly, clear separation 
of amylases occurring in aqueous extracts of germinated 
rice into two enzymes, one having no movement at all and 
the other having an R, value of 0-67 was achieved using 
NaCl solution (Fig. 2). We have not as yet been able to 
characterize these two amylases. 


1 2 3 


=O 





<S 


Fig. 1. Chromatograms of a mixture of «-amylase (salivary) 
and amylase from A. niger 50% (v/v) aqueous acetone: 
O, starting line; S, solvent front; 1, a-amylase (salivary); 
2, a-amylase (spot at the starting line) and amylase from 
A, niger (spot at the bottom); 3, amylase from A. niger. 


Kidney phosphatases. Clear separation of the phospha- 
tases present in rat, guinea pig and sheep-kidney extracts 
into two distinct alkaline phosphatases (one of them having 
an R, value of 0-62-0-68 and the other showing no move- 
ment) and one acid phosphatase with an R, value of 
0-53-0-61 which moves slightly more slowly than the 
corresponding alkaline phosphatase was achieved by this 
method (Fig. 3). Further investigation is in progress on 
the characterization of the two alkaline phosphatases which 
have been chromatographically shown to be quite distinct 
from one another. Pending further knowledge of the nature 
of these phosphatases it is proposed to name them as 
stationary and mobile phosphatases. 

Liver phosphatases. The examination of the chromato- 
grams (Fig. 3) reveals the presence of mobile acid and 
alkaline phosphatases. 

Serum phosphatases. The chromatograms of the phospha- 
tases of human and rat sera showed the existence of alkaline 
and acid phosphatases both of which were stationary, while 
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the chromatogram of chick serum phosphatase showed the 
existence of a mobile phosphatase. The difference in the 
movement of the phosphatases of rat and human sera on 
the one hand and that of chick serum on the other is rather 
striking. This characteristic difference in the chromato- 





Fig. 2. Chromatogram of amylases of aqueous extract of 
germinated rice showing the presence of two distinct 
amylases. One remains at the origin while the other 
moves down. 2 % (w/v) aqueous NaCl; O, starting line; 
S, solvent front. 





Fig. 3. Chromatograms of phosphatases from kidney and 
liver of rat. 2% (w/v) aqueous NaCl; O, starting line; 
S, solvent front; Al, alkaline phosphatase of liver; 
A2, alkaline phosphatase ‘of kidney; B1, acid phospha- 
tase of liver; B2, acid phosphatase of kidney. 
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graphic behaviours of the sera of various animals in both 
normal and pathological conditions is being investigated. 

Amylase and phosphorylase of green gram. Our attempts 
to separate the amylase and phosphorylase of germinated 
green gram using various solvents did not prove fruitful 
due to the fact that both enzymes moved together. Fig. 4 
shows the interesting fact that on developing the agar plate 
with iodine solution there is a small break in the middle 


abatlyGats 
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Fig. 4. Chromatograms of the amylase and phosphorylase 
of aqueous extract of germinated green gram (Phaseolus 
radiatus). 2% (w/v) aqueous NaCl; O, starting line; 
8, solvent front. 1, amylase; 2, phosphorylase (showing 
the position of the amylase by the absence of phosphory- 
lase activity at the centre of the spot). 


of the long blue spot. This is clearly the position of the 
amylase which either prevents the phosphorylase from 
acting on the Cori ester present in the agar or hydrolyses 
the starch synthesized from it. 


DISCUSSION 


The present data offer an idea of the chromato- 
graphic behaviour of enzymes on paper. Most of 
the enzymes investigated travel on paper in solvents 
with high water content, such as aqueous acetone 
or alcohol and salt solutions. From the above 
results of preliminary investigations certain general- 
izations on the movement of enzymes on paper may 
be made. (1) Enzymes can be made to move on 
paper by selecting suitable solvents. The rates of 
movement of the enzymes investigated differ from 
one another. Some enzymes such as salivary amy- 
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lase, alkaline phosphatase of human serum and one 
of the alkaline phosphatases of kidney do not show 
any movement at all, and they are found at the 
starting point, irrespective of the solvent used. The 
other enzymes investigated, namely, amylase from 
A. niger, B-amylase from sweet potato, phosphory- 
lase from green gram, the acid phosphatase and one 
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Fig. 5. Chromatograms of phosphorylase from green gram 
(Phaseolus radiatus) showing the influence of concentra- 
tion of the enzyme on the rate of movement. 2 % (w/v) 
aqueous NaCl; 0, starting line; S, solvent front. 1, 14 pl.; 
2, 28 wl.; 3, 42 wl. enzyme solution applied to paper. 


of the alkaline phosphatases of kidney, acid phos- 
phatase of liver and one of the amylases of germin- 
ated rice grain show considerable movement. 
(2) Increase in the concentration of the enzyme 
decreases its rate of movement. This has been 
observed particularly in the case of phosphorylase 
with 2% (w/v) sodium chloride as the solvent 
(Fig. 5). (3) The R, values of the enzymes are also 
influenced by the distance to which the solvent front 
has advanced. This is clearly shown in the case of 
the amylase from A. niger with aqueous acetone as 
solvent. The R, values decrease slightly with in- 
crease in distance travelled by the solvent front 
(Giri & Prasad, 1951). (4) The rate of movement of 
the enzymes is slower with aqueous acetone than 
with sodium chloride as solvent. (5) Proteins and 
other non-enzymic impurities associated with them 
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tend to alter the movement of the enzyme or 
suppress it altogether. Separation of enzymes under 
such conditions can still be achieved by choosing 
a suitable solvent. It may be that in some instances 
the lack of movement of enzymes on paper is due 
to protein interaction with other impurities present 
in the extract or adsorption of the enzyme on to 
other substances which are absorbed on paper. Too 
little is known about these factors. For this reason 
it is clearly important that the material used should 
be as free as possible from impurities, and exact 
conditions which give complete separation must be 
determined for each of the investigated enzymes. 
(6) The observation that there are two distinct and 
well-defined spots in the chromatogram of the 
alkaline phosphatase (Fig. 3) of the acetone-treated 
kidney extract would indicate the existence of at 
least two distinct alkaline phosphatases in kidney. 
The chemical basis for the differences between the 
alkaline phosphatase is not understood. In crude 
extracts the presence of substances acting as adsor- 
bents or protective agents might contribute to the 
observed differences in the movement of the two 
enzymes. However, whatever effects such sub- 
stances may have, the two phosphatases retain their 
individuality irrespective of the solvent used. But 
this evidence should be confirmed by the isolation 
of the enzymes by chromatography using cellu- 
lose columns, and study of their characteristics 
before their non-identity is finally accepted. The 
difference in the mobility of the enzymes may lie 
in the enzymes themselves, or be due to something 
which remains firmly associated with the enzyme. 
In addition to the existing numerous histochemical 
and biochemical methods for distinguishing the 
phosphatases from one another, the paper-chroma- 
tographic method may provide a further basis for 
distinguishing these enzymes present in various 
tissues. (7) The results are easily reproducible as 
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long as the same experimental conditions are main- 
tained. When duplicates are run simultaneously on 
the same paper, the differences in R, values are 
negligible. Under the experimental conditions it 
was found possible to reproduce with reasonable 
exactness the characteristic positions occupied by 
the enzymes. 

The paper-chromatographic method is un- 
doubtedly a useful addition to the methods used in 
enzyme chemistry for determining the identity or 
diversity of enzymes and for separating individual 
enzymes from a mixture. It is obvious that the 
chromatographic behaviour of enzymes may pro- 
vide a basis for the differentiation of enzymes of 
overlapping or identical substrate specificity. The 
very small amounts of the enzyme preparations 
used in these methods make preparative work 
difficult. For preparative work based on the same 
principle columns made from powdered paper may, 
however, prove satisfactory. 


SUMMARY 


1. A technique for the identification and separa- 
tion of enzymes by paper chromatography is 
described. 

2. The application of this technique to the study 
of the movement of amylases, phosphorylases and 
phosphatases on paper has been examined and 
R, values tabulated. 

3. Aqueous acetone, aqueous ethanol and sodium 
chloride solutions have proved useful as solvents 
for the study’ of the movement of the enzymes on 
paper. 

4. Some examples of the separation of enzymes 
by means of this technique are given. 

5. The usefulness and potentialities of this tech- 
nique in the study of the chromatographic behaviour 
of enzymes are discussed. 
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Dextran Sulphate—A Synthetic Analogue of Heparin 


By C. R. RICKETTS 
Medical Research Council Burns Unit, Birmingham Accident Hospital, 
Bath Row, Birmingham 15 


(Received 11 July 1951) 


The structure of the natural anticoagulant, heparin, 
is gradually being elucidated. As each step forward 
is made, attempts to synthesize molecules with the 
biological activity of heparin receive renewed im- 
petus. It is now known (Jorpes, 1939) that heparin 
is composed of glucuronic acid and glucosamine 
though the mode of linkage of these two parts is not 
yet clear. Some of the hydroxyl groups of these 
components are esterified with sulphuric acid but the 
exact distribution of sulphate groups is uncertain. 
Recently, however, Jorpes, Bostrom & Mutt (1950) 
have shown that during the weak acid hydrolysis 
of heparin, sulphuric acid appears at the same time 
and with the same rate as amino groups, leading to 
the view that the amino group is combined with 
sulphuric acid. This conclusion is confirmed by the 
work of Meyer & Schwartz (1950). 

An important contribution to our knowledge of 
the size of heparin molecules was made by Grénwall, 
Ingleman & Mosiman (1945), who measured sedi- 
mentation and diffusion constants for asubstantially 
pure preparation in theultracentrifuge. Since heparin 
isnot absolutely homogeneous as regards molecular 
size it was not possible to calculate an exact value 
but a molecular weight of 17000 was obtained as an 
average for all the molecules in the preparation. 

Heparin is also inhomogeneous in respects other 
than molecular weight. Several mild physical 
methods have been employed to divide seemingly 
pure samples of heparin into components differing in 
sulphur and nitrogen content and activity. Frac- 
tional recrystallization of the brucine salt by Jorpes 
& Bergstrom (1937) pointed to the association of 
sulphur content with activity. In the Craig counter- 
current extractor O’Keef, Russo-Alesi, Dolliver & 
Stiller (1949) separated heparin into a component 
having 8-2 % S and an activity of 59 units/mg. and 
one with 13-3 % S and an activity of 215 units/mg. 
By the technique of frontal analysis, Jensen, 
Snellman & Sylvén (1948) detected three or four 
components in heparin. 

From the facts outlined above, it appears that 
blood anticoagulant activity is not the property of 
a unique molecular configuration but is shared by 
@ number of similar molecules occurring in the 
product ordinarily called heparin. An outstanding 
feature which has long been recognized is the neces- 
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sity for the presence of acidic sulphate groups in 
molecules with anticoagulant activity. The litera- 
ture contains many examples of sulphuric esters of 
polysaccharides exhibiting heparin-like activity in 
vitro. Sulphuric esters of dextran (Grénwall e¢ al. 
1945), cellulose (Astrup & Piper, 1945a), inulin 
(Ingelman, 1946) and alginic acid (Snyder), to 
mention but a few, have been prepared. Usually 
these esters have been reported to show one-tenth 
to one-half of the activity of heparin in vitro, but 
inulin sulphuric ester is claimed to be as active as 
heparin in vitro. 

Compounds with blood anticoagulant activity 
are easily prepared, but when submitted to toxicity 
tests some active preparations have proved fatal in 
doses only a few times greater than the minimum 
dose effective in raising the blood clotting time. 
Astrup & Piper (1945a, b) found that some sulphuric 
esters of cellulose combined with fibrinogen to form 
an insoluble complex. They considered such an 
adverse effect on fibrinogen should not occur with 
an anticoagulant intended for clinical use. 

There appeared to be sufficient scope for syste- 
matic variation in the structure of anticoagulant 
molecules to enable combination with fibrinogen 
to be minimized while retaining a useful degree of 
anticoagulant activity. It seemed essential to con- 
trol two factors: (1) molecular weight; (2) number 
of sulphate groups. 

Considering first the effect of molecular weight, it 
is desirable to start with a polysaccharide of which 
the molecular weight can be subjected to controlled 
variation. On account of its use as a blood plasma 
substitute (Ingelman, 1949; Bull et al. 1949), pure 
dextran is produced in large quantities and consider- 
able attention has been given to molecular weight 
control (Ingelman, 1949; Ricketts, Lorenz & Maycock 
1950). Grénwall et al. (1945) describe three prepara- 
tions of dextran sulphuric acid ester. Their least 
toxic preparation was made from dextran of relative 
viscosity 2-4 in 6% solution. It may be inferred 
from the viscosity data given by Ingelman & Halling 
(1949) that this dextran had a molecular weight 
of about 32000. The sodium salt of this dextran 
sulphate contained 12% sulphur, or about 1 sul- 
phate group per glucose unit so the molecular weight 
of the sodium dextran sulphate would be about 
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50000. This is about 3 times the molecular weight of 
heparin. However, in a subsequent paper, reporting 
the toxicity of an inulin sulphuric acid ester of 
molecular weight 14 000, Ingelman (1946) expresses 
the view that ‘molecular weight is not a principal 
factor in determining toxicity’. 

To resolve this point a series of sulphuric esters of 
dextran differing widely in molecular weight and 
sulphur content was prepared. The cause of their 
toxicity was carefully investigated and will be 
reported separately by Dr K. Walton. 

Dextran sulphate with molecules of a certain size 
was found to be free from toxic effects. The relation 
between blood anticoagulant activity and number 
of sulphate groups in molecules of this size was 
explored. 

On the basis of these experiments the preparation 
of dextran sulphate in a form suitable for clinical 
trial is reported. 


EXPERIMENTAL 
Material 


The starting material was dextran prepared for use as 
a plasma substitute (Bull e¢ al. 1949). In the course of 
preparation the dextran of Leuconostoc mesenteroides was 
partially hydrolysed by boiling with 0-075 n-H,SO, until its 
intrinsic viscosity was between 0-21 and 0-36. Tests to ensure 
freedom from toxicity and antigenicity were carried out as 
described by Bull et al. (1949). 


Methods 


Sulphate groups were introduced by treating the finely 
powdered dry dextran with chlorosulphonic acid and pyri- 
dine using the proportions of reagents and conditions of 
Grénwall et al. (1945), except when variations are speci- 
fically mentioned, for example in Table 2. The dextran 
sulphate was isolated as the sodium salt in the way described 
by these authors. 
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Sulphur was determined by oxidation of organic matter 
with Benedict’s sulphur reagent, precipitation of inorganic 
sulphate as benzidine sulphate (Owen, 1936) and titration 
with standard alkali. A dialysate was carefully tested to 
ensure the absence of inorganic sulphate from each prepara- 
tion, so that the sulphur may be regarded as ester sulphate. 
The sulphur thus determined was assumed to be combined 
in the way illustrated in the formula I. On this basis Fig. 1 
shows the calculated relationship between percentage 
sulphur in the sodium salt and the number of sulphate 
groups per glucose unit. 


130 C. R. RICKETTS 





1952 


Intrinsic viscosity was obtained from measurements of 
relative viscosity at several concentrations thus: 


Nesp. = 1, 
[9] =limit ™: , 
o+0° 
where 7,,=relative viscosity, 
[y] =instrinsic viscosity. 


Nep. =Specifie viscosity, 
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Fig. 1. Showing the calculated relation between sulphur 
content of sodium dextran sulphate and average number 
of sulphate groups per glucose unit. 


Osmotic pressure was measured in an Adair (1949) 
type of osmometer and recorded in cm. of solution after 
correction for capillarity. All measurements were made at 
34°. 

Anticoagulant activity was measured by the method of 
Kuizenga, Nelson & Cartland (1943) using sheep plasma. 


RESULTS 
Variation of molecular weight 


Three main types of dextran sulphate, designated 
by the letters D, EZ and I, were prepared. The D and 
I series were from unfractionated hydrolysates of 
the intrinsic viscosity quoted in Table 1. The 
E series was prepared from the low molecular 
50 % of a hydrolysate with intrinsic viscosity 0-24; 
this fractionation was made to minimize any over- 
lap in molecular composition between the D and 
E series. 

If the relation between intrinsic viscosity and 
molecular weight determined by Ingelman & Hal- 
ling (1945) be applied to the dextran used in these 
experiments the average molecular weight of the 
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dextran used for the D and E types of dextran 
sulphate is about 200000 and 20 000 respectively. 
Allowing for the introduction of, say, 1-3 sulphate 
groups per glucose unit, the average molecular 
weight of the D and E types of dextran sulphate 
would be very approximately 300000 and 30000 
respectively. The only estimate for the I type of 
dextran sulphate that can be obtained from the data 
given by Grénwall et al. (1945) is a figure of less than 
20000, allowing for the introduction of 1-3 sulphate 
groups per glucose unit. 


Table 1. Properties of dextran sulphates prepared 
from three dextrans differing widely in molecular 
weight 


Intrinsic Sin SO, groups/ 
viscosity Na salt glucose Activity 
of dextran _ Serial (%) unit units/mg. 
0-36 D 14-6 1-4 — 
0-36 D2 17-8 2-1 a 
0-36 D3 15-4 1-6 15 
0-12 E 21-5 3-0 — 
0-12 El 13-7 13 15 
0-02 FE 13-5 1-2 — 
0-02 I2 15-2 1-5 15 


Evidence that the three types of dextran sulphate 
differ in average molecular weight was obtained 
from viscosity and osmotic pressure measurements. 
Viscosity was measured in 0-066 M-phosphate buffer 
at pH 7. Fig. 2 shows specific viscosity divided by 
concentration plotted against concentration for 
preparations D3, H1 and I4 (see Tables 1, 3). 
Extrapolation directly and using the logarithmic 
method mentioned by Bawn (1948) gave identical 
values for the intrinsic viscosity. From this graph 
the intrinsic viscosity of D3 may be read as 0-69, 
E1as 0-20 and [4 as 0-04. Similar measurements in 
09% (w/v) sodium chloride showed: #1, 0-18; 
I4, 0-03; and I3, 0-03; heparin sample A, 0-21; 
heparin sample B, 0-12. 

The osmotic pressure of 2 % (w/v) H land 1% (w/v) 
I3 in 0-9 % sodium chloride solution was measured. 
The solution outside the membrane was tested with 
toluidine blue but no metachromatic reaction was 
obtained in a test which was known to be sensitive 
to less than 10 yg./ml. The molecular weights 
calculated from the equilibria were 1, 35 000 and 
T3, 8000, but several such osmometers are necessary 
to provide accurate estimates of number average 
molecular weight. It may be inferred from these 
data that the molecular weight of [3 is considerably 
less than that of E1. Using two osmometers and 
a more refined technique, Mr D. Sutcliffe has 
obtained a figure of 7300 + 500 for the preparation 
I4, 

Biological testing of the preparations showed that 
the I series of dextran sulphates was free from toxic 
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effects and might be therapeutically useful. Dextran 
sulphates of the # and the D series were found to be 
toxic. 





C (g./100 ml.) 





Fig. 2. Showing direct ( ) and logarithmic (—-—-) 
extrapolation to obtain intrinsic viscosity of dextran 
sulphate preparations D3, ©; #1, A and [4, [). 


Variation in number of sulphate groups 
Several dextran sulphates differing in sulphur 


content were prepared from a single batch of 
dextran which had an intrinsic viscosity of 0-04. 


Table 2. Properties of dextran sulphates prepared 
from the same batch of dextran but differing in 


sulphur content 
CISO,H Sin SO, groups/ 
ml./10g. Na salt glucose Activity 
dextran Serial (%) unit units/mg. 
14-6 I7 16-3 1-7 15 
13-3 BE 15-9 1-6 15 
12-0 BD 14-2 1-3 15 
10-6 BC 14:3 1:3 15 
9-3 BB 11-8 1-0 3-75 
— AO 9-2 0-6 <3 


Preliminary experiments indicated that alteration 
in the sulphur content was not achieved by de- 
creasing the proportion of chlorosulphonic acid from 
44 ml./10 g. dextran as quoted by Grénwall e¢ al. 
(1945) to 14-6 ml./10 g. dextran, but was obtained 
between this value and 9-3ml./10g. dextran. 
Table 2 shows this effect, together with the sulphur 
content and activity of the resultant dextran sul- 
phate. Preparation AO, also shown in Table 2, was 
made by adding powdered dextran to the melted 
crystalline complex of chlorosulphonic acid and 
pyridine (Sobel, Drechter & Natelson, 1936) and 
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Table 3. Data for large-scale preparations of dextran sulphate 


Intrinsic Weight Yield Sin SO, groups/ 

viscosity dextran Na salt Na salt glucose Activity 

dextran (g.) Serial (g-) (%) unit units/mg. 
0-02 60 I3 88 17-1 1-9 15 
0-03 60 4 115 17-1 1-9 15 
0-03 30 I5 41 17-1 1-9 — 
0-05 30 I6 41 16-5 1-8 — 
0-04 60 I7 80 16-3 1-7 15 


isolating the product in the usual way. The relation 
between the number of sulphate groups per glucose 
unit and activity reveals a sharp increase to the 
maximum activity between 1 and 1-3 sulphate 
groups per glucose unit. 

For comparison, the provisional International 
Standard for heparin contains 12-45% sulphur in 
the sodium salt and has an activity of 130 units/mg. 
Heparin sample A contained 9-3% 8S and sample B 
contained 8-6 % 8. 


Preparation of a non-toxic dextran sulphate 


The foregoing experiments established the con- 
ditions for the preparation of an active non-toxic 
dextran sulphate. In view of the association of 
toxicity with increasing molecular weight the larger 
molecules were removed by fractional precipitation 
before introducing the sulphate groups. This pre- 
caution was intended to prevent significant amounts 
of toxic dextran sulphate accumulating when very 
large doses were given over a long period of time. 
A full description of the preparation of the dextran 
sulphate submitted to clinical trial will now be 
given. 


To 3 1. of a 6-2% (w/v) solution of a partial hydrolysate 
of L. mesenteroides dextran with intrinsic viscosity 0-25, 
300 ml. N-H,SO, were added and the solution boiled under 
reflux for 4 hr. After cooling, the solution was neutralized 
with n-NaOH, the final volume being 3-61. Acetone (3 1.) 
was added, and after standing overnight the syrupy precipi- 
tate containing the larger molecules was separated. A 
further 6 1. of acetone were added, the syrup was separated, 
poured into ethanol, ground to a powder, washed with dry 
ether and dried in vacuo over P,0;. About 100 g. were 
obtained; the intrinsic viscosity was 0-02. 

To 400 ml. dry pyridine, 88 ml. chlorosulphonic acid were 


added drop by drop with vigorous stirring. During the ~ 


addition the flask was cooled in a mixture of solid CO, and 
ethanol. The temperature was then raised to 65° when most 
of the pyridinium salts dissolved. Finely powdered dextran, 
60 g., was added and dispersed in the reaction mixture by 
vigorous stirring. The temperature was maintained at 
65-70° for 4 hr. 

After cooling, 1-51. of crushed ice and sufficient 40% 
(w/v) NaOH were added to turn the mixture dark red in 
colour and cause separation of the pyridine as an upper 
layer. The lower layer was diluted to 21. and brought to 
37° when 21. of ethanol were added. The precipitated syrup 
was allowed to settle for 10 min. only at 37° to avoid 
crystallization of Na,SO,. The syrup was then separated, 


redissolved in 850 ml. water and similarly precipitated with 
850 ml. of ethanol. The precipitation was repeated again 
from 640 ml. of solution and an equal volume of ethanol, 
The final syrup was dissolved in 800 ml. of water, neutral- 
ized with HCl, dialysed against running water and treated 
with charcoal at 50°. The pH of the filtrate was adjusted to 
7-7-5 with NaOH and the solution concentrated under 
reduced pressure to 500 ml. Acetone (750 ml.) was added, 
and the precipitated syrup was poured into ethanol, ground 
to a powder, washed with ether and dried in vacuo over 
P,O,;. This preparation was designated 3. Details of this 
and a number of similar preparations are summarized in 
Table 3. 

Dextran sulphates of the J series decompose on 
boiling in aqueous solution with the formation of 
inorganic sulphate and reducing substances, a point 
of some importance in connexion with the steriliza- 
tion of solutions for intravenous administration. 
For example, after autoclaving a neutral 20 % (w/v) 
solution of [4 at 10 lb. steam pressure for 20 min., 
one-third of the sulphur was liberated as sulphuric 
acid and the solution was found to reduce Fehling’s 
reagent strongly. Some of the dextran sulphate 
which had not decomposed was recovered and found 
to contain 13-5 % S and to be about as active as [4. 

It was found that this decomposition could be 
prevented by buffering the solution. The following 
mixture has proved satisfactory : dextran sulphate, 
20 g.; sodium chloride, 0-72 g.; sodium bicarbonate, 
0-24 g.; water, 100 ml. A solution of this composi- 
tion had an initial pH of 8-3, and was autoclaved 
at 10 lb. for 10min. without the appearance of 
inorganic sulphate or reducing substances, and with- 
out appreciable loss of activity. The final pH was 6-7 
and the solution approximated to the isotonicity 
required for intravenous use. 


DISCUSSION 


With dextran as with other polysaccharides, blood 
anticoagulant activity is readily obtained by the 
introduction of sulphate groups. Interest therefore 
centres on whether any such compounds are 
sufficiently non-toxic for clinical use. A preliminary 
communication of the results of the biological 
investigation which proceeded in parallel with the 
experiments reported here has been given by Walton 
(1951) and a full account is in course of preparation. 
Toxicity was found to increase with molecular 
weight. 
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It is therefore important to consider the evidence 
relating to the molecular weight of the three types 
of dextran sulphate preparation used in the bio- 
logical investigation. The intrinsic viscosity of the 
dextrans and of the dextran sulphates derived from 
them indicate corresponding differences in mole- 
cular weight. The critical distinction in toxicity is 
between the E type and the I type and here the 
osmotic pressures recorded support the contention 
that the I type is of considerably lower molecular 
weight than the H# type, being of the order of 
7000. 

The anticoagulant activity expressed in units/mg. 
appears to be independent of the molecular weight 
but depends on a certain minimum number of sul- 
phate groups per glucose unit. At 1-0—1-3 sulphate 
groups per glucose unit the sharp increase of activity 
to its maximum value is indicative of the appearance 
of some critical pattern of groups in the molecular 
structure. Heparin has greater activity with con- 
siderably fewer sulphate groups in the molecule. 
From the biological investigations evidence was 
obtained that the activity of heparin and dextran 
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sulphate was qualitatively identical, in spite of the 
sevenfold difference in the weight corresponding 
with a given amount of anticoagulant activity. 


SUMMARY 


1. Molecular weight determines the toxicity of 
dextran sulphate. Molecules smaller than a critical 
size are not toxic. 

2. Maximum blood anticoagulant activity is 
attained when the number of sulphate groups 
exceeds an average of 1-3 per glucose unit. 

3. Preparation of a potentially useful anti- 
coagulant drug is described. 


It is a pleasure to acknowledge here the close and fruitful 
collaboration of my colleague, Dr Kenneth Walton, whose 
account of the biological aspects of our investigation will 
appear elsewhere, and to thank Prof. J. R. Squire for his 
help and encouragement. Thanks are also due to Prof. M. 
Stacey, F.R.S., for placing at my disposal the facilities 
of his Department for the larger scale preparations of 
dextran sulphate. 

Iam grateful to Mr M. Hall, for his invaluable help in the 
laboratory, and to Messrs Dextran Ltd. for gifts of dextran. 
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The Occurrence of Substituted Uric Acids in Human Urine 


By E. A. JOHNSON 
Medical Research Council Spectrographic Unit, London Hospital, London, E. 1 


(Received 12 September 1951) 


In the course of work on the separation of purines 
and pyrimidines from biological materials, purine 
fractions obtained from human urine have been 
examined. This work is not complete, but as it is 
being interrupted the results so far obtained are 
given here. 

The purine fractions employed were obtained by 
ammoniacal silver precipitation of the urine after 


phosphate removal using the reagents described by 
Snell & Snell (1937), and separation was effected on 
columns of the ion-exchange resin Zeo-Karb 215 by 
methods similar to those used by Cohn (1949) for the 
separation of bases from nucleic acids. Uric acid was 
readily separated from the xanthines, but between 
these, other well-defined fractions were obtained 
having ultraviolet absorption spectra scarcely 
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distinguishable from those of uric acid. These 
materials were isolated, though in exceedingly small 
quantities, and were evidently methyluric acids. 
Confirmation of this was obtained by the complete 
cessation of the excretion of these materials when 
the subject abstained from tea, coffee and cocoa, 
products all containing methylxanthines, and by 
their appearance in the urine again after ingestion of 
caffeine and theophylline. 

This work therefore extends that of Myers & 
Hanzal (1946), Buchanan, Block & Christman 
(1945), Buchanan, Christman & Block (1945) and 
other workers, well summarized in the papers of 
these authors, on the metabolism of the methyl- 
xanthines. 


EXPERIMENTAL 
Separation and chromatography 


Severai methods of separating purines from urine were 
briefly examined; of precipitation methods none was found 
to have any marked advantage, at least qualitatively, over 
the ammoniacal silver method. The CHCl, extraction method 
of Fisher, Algeri & Walker (1949) was found to yield three 
methylxanthines, probably theobromine, theophylline or 
paraxanthine, and caffeine, and at least three other unidenti- 
fied compounds. The products from these separation methods 
were examined by paper chromatography employing as 
solvent n-butanol-NH, (Hotchkiss, 1948) by which the 
methylated xanthines are well separated (see also Markham 
& Smith, 1949). For separation of uric acids a single-phase 
solvent mixture containing n-butanol, ethylene glycol 
monomethy] ether, acetic acid and water in the proportions 
7:7:2:4 (v/v) was found satisfactory. Chromatograms were 
usually run on paper strips 1 in. (2-5 cm.) wide by upward 
displacement in boiling tubes 12 in. long and 1-5 in. internal 
diameter (30 x 3-7 cm.). The tubes were held vertically with 
the solvent mixture in the bottom. The mouth of each tube 
was closed with a rubber stopper through which passed a 
glass rod ending in a hook on which the paper was carried. 
Two lanes could be run quite satisfactorily on such strips 
when direct comparison was required. R, values varied 
appreciably with the ambient temperature, and values 
quoted here for the substituted uric acids are given as 
relative 2,’s, i.e. as ratios to that of uric acid itself. In the 
above solvent at about 20°, uric acid has an Ry value of 0-25. 
Spots were located in ultraviolet light (Holiday & Johnson, 
1949). 

The largest column of Zeo-Karb 215 resin employed was 
21 cm. long and 1-8 cm. in diameter, and contained 12 g. 
finely ground resin (settling time 1-10 min.) mixed with an 
equal weight of Hyflo-Supercel. This was recycled a number 
of times with KOH or NH, and HCl, and finally equilibrated 
with 0-5n-HCl. Quantities of up to 2 1. of urine were treated 
with magnesia mixture (Snell & Snell, 1937) and NH, to 
precipitate phosphate, centrifuged, and the supernatant 
treated with a slight excess of ammoniacal silver reagent. 
After standing in the dark for at least 1 hr., the precipitate 
then formed was spun down, washed first with very dilute 
ammonia and then with water, suspended in a little water 
and n-HCl added until the pH was about 2. The volume was 
made up to about 20-30 ml., the mixture heated to boiling 
and filtered hot. The solution was allowed to crystallize 
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overnight, depositing principally uric acid, and the super. 
natant poured on to the column. Even had it been practic. 
able to charge the column with a volume sufficient to retain 
all the uric acid in solution, it seemed very probable that this 
would have tended to crystallize out in the column during 
the separation, especially in view of the solubilizing effects 
referred to later. 0-5N-HCl was used as eluent, and fractions 
of 4-04+0-02 ml. were collected by a siphon-operated 
automatic collector. The optical densities of the fractions 
were measured at a wavelength of 285 my. with a Unicam 
SP 500 spectrophotometer. Purine from 21. of urine 
obtained as described above tended to overload the column, 
in that considerable overlap between fractions occurred, but 
from previous experience it was readily possible to separate 
the groups containing the individual acids. Smaller quanti- 
ties gave excellent discrimination, as shown in Fig. 3. 
Xanthines were retained on the column until all uric acids 
had been eluted. They could be displaced by increasing the 
acid strength to 2N, but there was little discrimination 
within the group. At least four xanthines were shown to be 
present in this fraction by paper chromatography. The uric 
acids were isolated from their solutions in 0-5N-HCl by 
running these down a column of the anion-exchange resin 
Duolite A. 2 in the free base form. The capacity of the 
column for HCl was chosen to be slightly greater than that 
present in the solution, and the uric acid was then displaced 
by 0-01N-HCIl. The resulting solution was evaporated to 
dryness under reduced pressure. Earlier experiments in 
which the 0-5N acid solution was evaporated directly indi- 
cated that some loss was incurred, and although the column 
method also involved some losses it was thought that it 
involved less chance of decomposing the uric acids. 


Identification 


Absorption spectroscopy. Probably the most straight- 
forward and generally useful method of identification for 
purines in very small quantities is that of ultraviolet ab- 
sorption spectroscopy. The absorption spectra of the three 
uric acid fractions (referred to hereafter as I, II and III) 
obtained from urine differed, however, from one another 
very little (Table 1). Examination of the spectra of a number 
of methyl-substituted uric acids originally made by Prof. 
H. Biltz and kindly provided by Prof. D. Keilin, F.R.S., 
showed that those substituted in the 3- and in the 9-positions 
differed significantly and characteristically from uric acid 
itself, while 1- and 7-substituted uric acids showed very 
much smaller differences. The absorption spectra of uric acid 
itself at various pH values have been published by a number 
ofauthors, including Holiday (1930), Fromhertz & Hartmann 
(1936) and Stimson & Reuter (1943), but it is felt that im- 
proved techniques justify republication (Fig. 1, Table 1). 


’ These curves were obtained on an automatic recording 


spectrophotometer (Holiday & Sutton, to be published) with 
point density checks on a Unicam SP 500 spectrophoto- 
meter. Two commercial samples of uric acid were em- 
ployed, purified by combinations of three methods: 
solution in conc. H,SO, and fractional precipitation by 
dilution, precipitation from the lithium salt, and recrystal- 
lization from water or dilute hydrochloric acid. The pro- 
ducts did not differ significantly. 

Arsenophosphotungstic acid colour reaction. The Benedict 
arsenophosphotungstic acid colour reaction also offered a 
valuable method of distinguishing between the various sub- 
stituted uric acids. Unfortunately, the original method of 
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Table 1. Ultraviolet absorption of uric acid and of some methyluric acids 


(Wavelengths given in my. Values given for uric acid and for 7-methyluric acid are believed to be accurate in wave- 
length to 0-5 mp. and in molecular extinction coefficient € to 0-01 x 10*; for the other compounds values are given for 
purposes of comparison and are subject to revision, particularly those in alkaline solutions.) 


pH3 pH 8-8-5 pH>12 

Compound Amex. Ame €x1O* ALY Anion. €X10% Anes Amin, €%10 

Uric acid 284 as 1-21 291-5 — 1-24 294-5 — 1-35 

— 255 0-365 — 260-5 0-26 — 262 0-25 

230-5 — 0:87 235 — 0-985 219-5 — 2-54 

— 212 0-52 — 218-5 0-59 — — _- 

7-Methyluric acid 286 — 1-14 293 — 1-22 296-5 — 1-31 
— 258 0-39 —_ 263 0-30 ~— 262 0-255 

234 — 0-87 237 — 0-97 222 — 2-37 

—: 213 0-50 _ 219 0-595 —_ — — 

1:7-Dimethyluric acid 285-5 — 1:10 — — —_— 295-5 — 1-27 

(fraction ITT) — 258 0-435 -- -- —- — 263-5 0-33 

234 — 0-84 - — — 222 -- 2-60 

~ 220 0-64 —- -- — — — = 

1-Methyluric acid 283-5 a 1-14 _- ~- — 292-5 ~- 1-23 

—_— 253-5 0-39 — —_ —_— _- 260-5 0-30 

231 — 0-79 -- — - 217°5 —_ 2-14 

—- 218 0-66 — _ = _ -- — 

3-Methyluric acid 287 — 1-10 — — —_— 292-5 —- 1-49 

—_— 257 0-31 _ -— _- — 257-5 0-24 

232 — 0-79 -- — _ 214 — 1-84 

— 215 0-49 — -- — —- _ =“ 

1:3-Dimethyluric acid 285-5 — 1-16 — — — 294 —_ 1-69 
— 258 0-41 _- — — —_ 260 0-335 

234 a 0-88 — -- -= 214-5 _— 1-90 

— 221 0-77 —_ _— — —_ —_— —_ 


Benedict & Franke (1922) and the adaptation used by 
Buchanan, Block & Christman (1945) are not suitable for 
application to microgram quantities such as are eluted from 
paper chromatograms, and yet another modification had to 





vy 64 40 35 cm>"x107 

A 220 240 260 280 300 320mp. 
Fig. 1. Ultraviolet absorption spectra of uric acid. — —, 
pH 3; ——, pH8; ----, pH>12. For short wave- 


length peak at pH >12 (curve A), values of « should be 
multiplied by 2. 


be worked out. It was most convenient to measure the ratio 
between the colour developed and the peak optical density 
in alkaline solution, giving a value characteristic for each 
compound without requiring any determination of absolute 
quantity present. The colour development was carried out as 
follows. To 2:5 ml. uric acid solution was added 0-5 ml. of an 


aqueous solution containing 15% Na,CO, and 15% urea, 
0-5 ml. 10% aqueous NaCN, and 0-5 ml. arsenophospho- 
tungstic acid reagent (Benedict & Franke, 1922). The solu- 
tion was then ‘seeded’ with a little of the precipitate which 
always forms after a variable delay, and left to stand for 
30 min. It was then centrifuged and the optical density of 
the supernatant measured against that of a reagent blank at 
the absorption peak 700 mu. in the Unicam SP 500 spectro- 
photometer. This value was divided by the optical density at 
295 mu. given by the same amount of the uric acid in 40 ml. 
aqueous solution at a pH > 11-5. ‘Colour ratios’ obtained in 
this manner have proved quite reproducible, and not 
significantly affected by the age of the reagents. The order of 
the colour ratios obtained in this manner agrees, for those 
acids used, with that given by Buchanan, Block & Christman 
(1945). All the acids substituted in position 7 give very low 
values. The reaction is also applicable in simplified form to 
paper chromatograms. These are lightly sprayed with 
saturated Na,CO, solution, and then with the arsenophos- 
photungstic acid solution diluted 1 in 3 with water. 

Acid strength determinations. It would be expected that 
substitution of the possibly ionizable hydrogen atoms in the 
uric acid molecule by methyl groups would affect the acid 
strength. Biltz (1936) gives the order of acid strength of the 
four hydrogen atom positions as 9>3 >1>7, and states that 
uric acids not substituted in either the 9- or the 3-positions 
have very similar acid strengths. As a further check there- 
fore on the substitution positions of the acids isolated from 
urine, spectrophotometric titrations were carried out on 
them and also on uric acid, 7-methyluric acid and 3-methyl- 
uric acid. The change with pH of optical density at a suitable 
wavelength was determined; buffers were not used, but, 
using a glass electrode system, solutions in very dilute acid or 
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alkali were titrated with very small volumes of strong alkali 
or acid, so that changes in volume were negligible. The 
wavelengths chosen were 244 and 302 mu., of which the 
second proved the more suitable. Curves of the type shown 
in Fig. 2 were obtained, from which pK values could be 
estimated with an accuracy of about +0:1 pH unit. 
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Fig. 2. Relation between optical density and pH at 
302 mu. for fraction II of urinary uric acids. 


Crystallization. The isolated uric acids were recrystallized 
from water and possessed distinguishable crystalline forms. 
Myers & Hanzal (1946) give some data on the solubilities of 
methyluric acids which, as with the xanthines, increase with 
an increasing degree of methylation. It was observed that 
the substituted acids from urine were very much more 
soluble in hot water than uric acid itself. 


RESULTS 


The purines from normal urine samples with no 
dietary precautions yielded by chromatography on 
a Zeo-Karb 215 resin column three fractions, as 
shown in Fig. 36, all showing very similar ultra- 
violet absorption spectra. The first of these was 
usually present in the greatest quantity, and was 
shown by paper chromatography, colour ratio and 
crystalline form to be uric acid itself. 

Fraction II invariably proved on isolation to be 
heterogeneous. The first crystallization of the 
evaporation residue gave an aggregate of colourless 
crystals mixed with yellowish spherical granules, 
with very variable colour ratio, 0-9—2-2, compared 
with 2-9 for uric acid itself. On paper chromato- 
graphy the material streaked badly, but gave a 
principal spot exactly corresponding in position to 
that of 7-methyluric acid, with a relative R, of 1-4. 
Colour reaction on the paper was largely confined to 
the streak behind this spot and to material left at the 
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starting point. On recrystallization from water the 
yellowish material remained largely undissolved, 
and the product which was visually free from it 
formed very characteristic irregular stellate clusters 
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Fig. 3. Elution of urinary uric acids from a Zeo-Karb 215 
resin column. (a) Full line: after 2 days’ abstinence from 
foods and beverages containing methylated xanthines; 
broken line: after 4 days’ abstinence. (b) After admin- 
istration of 400 mg. caffeine. (c) After administration of 
250 mg. theophylline. 


of blades. On paper chromatography after re- 
crystallization the colour-forming streak was much 
reduced, and the colour ratio was also reduced in 
solution to 0-47. Absorption spectra of this material 
were determined at pH values of 3 and >12, ata 
concentration of 0-245 mg.in 20ml. They were not 
distinguishable from those of 7-methyluric acid 
(Table 1) in shape and band positions, and values 
were obtained for H}%, of 553 at 286-5 my., pH 3, 
and 627 at 296-5myp., pH>12, compared with 
corresponding values of 625 and 720 for 7-methyl- 
uric acid. Further purification was not attempted, 
since too little of the material was available. 

Fraction III appeared to be quite homogeneous. 
It was quite soluble in hot water, from which it 
crystallized in plates, though sometimes small 
needles appeared singly or in radiating clusters. The 
colour ratio was 0-175, comparing closely with the 
value of 0-15 obtained for 7-methyluric acid, but 
the relative R, was 1-8. Absorption specira were 
determined at pH 3 and >12 on solutions of con- 
centration 0-303 mg. in 30 ml. The results are given 
in Table 1 ; the reasons for considering this compound 
to be 1:7-dimethyluric acid are given in the dis- 
cussion. 
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Table 2. Acid strengths, colour ratios and relative R, values of uric acid and some methyl derivatives 


(Colour ratios and acid strengths are determined by the methods described in the text. The Ry values are relative to that 
of uric acid, using the butanol-methy] cellosolve-acetic acid solvent.) 


Compound 
Uric acid 
1-Methyluric acid 
3-Methyluric acid 


7-Methyluric acid 
1:3-Dimethyluric acid 
1:7-Dimethyluric acid (fraction ITT) 


Values for the pK’s of these compounds were 
determined spectrophotometrically, and it was 
found that the differences between them were very 
small, scarcely exceeding the estimated error of 
+0-1 pH unit. Fig. 2 shows the curve obtained for 
fraction II, from which pK,= 5-6, pK,= 10-6. This 
particular curve was chosen since it is continuous; 
in other cases, the concentrations for pK, differed 
from those used for the pK, determinations, but 
results were very similar. The other values are given 
in Table 2; those obtained for uric acid differ from 
the results of His & Paul (1900) quoted by Holiday 
(1930), which correspond to values of 5-7 and 8-7. 

Since it appeared probable that methyl groups 
constituted the substituents in these uric acids and 
that they were therefore metabolic products from 
methylated xanthines, some runs were carried out 
on purines from urine obtained after 2 and 4 days’ 
abstinence from foods or beverages containing such 
compounds (Fig. 3a) and also after oral administra- 
tion, with similar diet, of 400 mg. caffeine (Fig. 3b) 
and 250 mg. theophylline (Fig. 3c). In each case the 
urine samples of 25 ml. were treated similarly, and 
the purine solutions in 4-3 ml. of very dilute hydro- 
chloric acid were run on a column 14 by 1-3 cm. con- 
taining 5g. resin and a similar weight of Hyflo- 
Supercel, which had been in use for some time and 
gave quite reproducible results. It can be seen that 
if consumption of methylxanthines is avoided, only 
one uric acid fraction is obtained, that of uric acid 
itself. After the administration of caffeine the 
pattern found corresponds exactly to that of the 
normal urine samples previously investigated, with 
two methyluric acid fractions in addition to that of 
uric acid, whereas the metabolism of theophylline 
yields only one methyluric acid fraction under the 
conditions described. 

A phenomenon which may be observed in Fig. 3, 
and which was conspicuous throughout this work, is 
the increased amount of uric acid which may remain 
dissolved in a given volume of water or dilute hydro- 
chloric acid in the presence of methyluric acids, 
or possibly of methylxanthines. This solubilizing 
effect was particularly conspicuous when larger 
quantities of purine materials were dealt with; uric 


Colour ratio 


0-15 


Relative R, pK, pK, 
2-9 1-0 5-4 10-6 
3-4 15 — — 
(streaks) 
0-9 6-2 >11-4 (2) 
(streaks) 
1-4 5-5 10-6 
1-7 2-0 _ _— 
0-175 1-8 5-7 10-9 


acid fractions from the column proved to be super- 
saturated and crystallized out on standing from 
volumes of solution greater than those originally 
charged to the column, which had themselves been 
allowed to crystallize to equilibrium. Examination 
by paper chromatography of the material crystal- 
lizing out of solutions from the decomposition of the 
silver purines showed that although this was 
principally uric acid, substituted uric acids and 
xanthines were also present. 

A synthetic mixture of uric acid, 3-methyluric 
acid and 3:7-dimethyluric acid was also run on the 
smaller column. 3-Methyluric acid was eluted 
immediately after uric acid, the peaks being at 28 
and 45 ml., and the peak of the 3:7-dimethyluric acid 
fraction came at 115ml. This experiment was 
carried out in the earlier stages of the work to deter- 
mine the behaviour of known methyluric acids on 
the column. These particular acids were chosen since 
they could readily be distinguished by absorption 
spectra or colour ratios. 


DISCUSSION 


The results obtained are essentially qualitative. 
Myers & Hanzal (1946) state that the methyluric 
acids are all precipitated on standing by both 
ammoniacal silver magnesium mixture and by 
Folin’s silver lactate-lactic acid solution. Buchanan, 
Christman & Block (1945), however, state that under 
the conditions used in their work 1:3-dimethyluric 
acid and 3-methyluric acid were not precipitated by 
ammoniacal silver. In the present work no evidence 
of the presence of any 3-substituted acids was found. 
Further possible segregation was caused by solu- 
bility limitations, which made it impracticable to 
employ total purine fractions for analysis on resin 
columns. The effect here, however, was one of 
relative enrichment of the more soluble methylated 
acids at the expense of uric acid, though it was 
found that some methyluric acids were left in the 
crystallized material. 

Of the separated fractions, fraction II may 
reasonably be inferred to consist of a mixture of 
7-methyluric acid and 1-methyluric acid with the 
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yellowish granules as a possible third component. 
Both 7- and 1-methyluric acid have absorption 
spectra closely resembling that of uric acid (Table 1), 
and mixtures of the two of varying composition 
could yield the colour ratios reported, corresponding 
to an increase in the proportion of 7-methyluric acid 
in the product from recrystallization. 1-methyluric 
acid tends to streak during paper chromatography, 
but the principal spot is found at almost the same 
position as 7-methyluric acid (Table 2). After 
ingestion of theophylline (Fig. 3c) no trace is 
observed of 3-methyluric acid, which would be 
eluted immediately after uric acid, and the single 
methyluric acid fraction must be attributed, there- 
fore, to the 1-methyl or 1:3-dimethyl compound; 
absorption band positions and relative intensities 
indicated that it was 1-methyluric acid. The elution 
peak of the corresponding fraction obtained after 
ingestion of caffeine lies closer to that of uric acid. 
This fraction presumably contains the two over- 
lapping elution bands of 7- and 1-methyluric acids. 

Fraction III, if derived from the oxidation, with 
or without demethylation, of methylxanthines, 
might possibly then be 1:3-, 1:7- or 3:7-dimethyluric 
acid, or 1:3:7-trimethyluric acid. Since this fraction 
is not obtained from theophylline, the first is im- 
probable and is in any case excluded, since fraction 
III gives a very low colour. The last two may also be 
eliminated since their absorption spectra are quite 
distinct from that of fraction III. Unfortunately, 
no sample of 1:7-dimethyluric acid was available for 
direct comparison. The absorption spectrum, how- 
ever, was scarcely distinguishable from that of 7- 
methyluric acid, and it had been observed that the 
spectra of the corresponding 7-methyl and _ 1:7- 
dimethylxanthines are, in fact, practically indis- 
tinguishable, and give almost identical molar 
extinction coefficients. Allowing for the very small 
amount, 0-303 mg., on which the determination was 
carried out, the values obtained for fraction III 
show good agreement with those for 7-methyluric 
acid (Table 1). 
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The almost identical acid strengths of uric acid, 
7-methyl and the presumed 1:7-dimethyluric acids 
(Table 2) are in agreement with the statement by 
Biltz (1936) that all such acids not substituted in the 
3- or 9-positions will have similar strengths, and it 
was found that 3-methyluric acid is significantly 
weaker. It appears from these results that the 
separation obtained on resin columns does not de- 
pend on acid strength. It does, however, bear some 
relation to the position and degree of methylation; 
so far as has been determined the order of elution, 
after uric acid, is 3, 7, 1, 3:7, 1:7. 

Little can be added on. the basis of this work to the 
deductions summarized by Myers & Hanzal (1946) 
concerning resistance to-demethylation in various 
positions. The results give no reason to dispute the 
general conclusion that methyl groups in the 3- 
position are the least stable, and provide definite 
evidence that demethylation also occurs in both the 
1- and 7-positions. 


SUMMARY 


1. Substituted uric acids have been isolated from 
the urine of a human subject on a normal diet. 

2. The positions of substituent groups have been 
determined by comparison with known synthetic 
methyluric acids, using spectroscopic and other 
methods. Results indicate that these isolated com- 
pounds are also methyluric acids substituted in the 
7-, 1-, and 1:7-positions. 

3. These compounds have been shown to be 
metabolic products of exogenous methylxanthines, 
i.e. caffeine, theobromine or theophylline. 

4. Demethylation during metabolism of these 
compounds can occur in the 3-, 1- and 7-positions, 
but no definite order of stability has been demon- 
strated. 


The author wishes to express his appreciation to Dr E. R. 
Holiday and Dr G. H. Beaven for their interest and 
encouragement during this work. 
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Comparative Studies of ‘ Bile Salts’ 
4, BILE SALTS OF THE EUROPEAN FROG, RANA TEMPORARIA 


By G. A. D. HASLEWOOD 
Guy’s Hospital Medical School, S.E.1 


(Received 2 October 1951) 


Previous studies of the bile salts of frogs and toads 
have been carried out on two species only, and 
entirely by Japanese workers. Okamura (1928, 
1929) isolated ‘bufocholane’, m.p. 236°, and an acid 
described as ‘bufodeoxycholic acid’ from the winter 
bile of the toad, Bufo vulgaris (Jap.). Taurine was 
also separated from the bile. Makino (1933) ob- 
tained from the bile of the same species an alcohol, 
m.p. 230°, described as tetrahydroxybufostane, 
C.,H,g0,, which showed positive Pettenkofer and 
Hammarsten tests. Trihydroxybufosterocholenic 
acid, C,,H,,0;, was described by Shimizu & Oda 
(1934) as occurring in the toad bile and this was con- 
verted by Shimizu & Kazuno (19365) to bisnorcholic 
acid; it was thus shown to belong to the cholane 
series and to have in its molecule three hydroxyl 
groups in the same position as those in cholic acid. 
Trihydroxyisosterocholenic acid, C,,H,,0;, was 
described by Shimizu & Kazuno (1936a) and this 
was also converted by Shimizu & Kazuno (1937) to 
bisnorcholic acid. Kazuno (1940) published an 
account of a careful and detailed study of that part 
of the (acidified) bile of the Japanese toad from which 
the above-mentioned acids, apparently occurring in 
the unconjugated form, had been removed by ether 
extraction. The chief constituent was a sulphate, 
m.p. 197°, which by alkaline hydrolysis yielded 
pentahydroxybufostane, C,,H,,0;,m.p. 172°. About 
10 g. of this substance were isolated from 4000 gall- 
bladders (51. of bile), in one, and 20g. from 8500 
toads (10 1. of bile) in a second experiment. Penta- 
hydroxybufostane was extensively investigated 
and its triacetate, m.p. 119°, converted in a yield of 
about 10 % to cholic acid, which was identified as the 
acid itself and as its ethyl ester. However, as in the 
case of the acids, conclusive proof of the C,, formula 
was not given, and it rests only on analytical figures. 
A neutral compound apparently identical with the 
alcohols of Okamura (1928) and Makino (1933) was 
also isolated after alkaline hydrolysis of bile fractions 
and was renamed tetrahydroxynorbufostane, on 
the assumption that its molecule contained 27 
carbon atoms. A third neutral substance, m.p. 175°, 
was stated to occur in the unconjugated state in 
the bile: it was called tetrahydroxycholane, and 
assigned a C,, formula. Like pentahydroxybufo- 


stane, it gave positive Pettenkofer and Hammarsten 
reactions, indicating OH groups probably at C3), 
C,) and C4) in the steroid nucleus. 

Bile of the frog Rana catesbiana was examined by 
Kurauti & Kazuno (1939), who isolated cholesterol, 
an acid (named trihydroxybisnorsterocholanic acid) 
giving a negative response in the Hammarsten re- 
action and also the sulphate, m.p. 178°, of a so-called 
tetrahydric alcohol. By alkaline hydrolysis of this 
latter substance there was obtained an unsaturated 
alcohol of m.p. 177°, which was quite arbitrarily 
given a C,, formula and named trihydroxycholene. 
The acetate (? diacetate) had m.p. 180°. Mabuti 
(1941) investigated the trihydroxybisnorstero- 
cholanic acid of Kurauti & Kazuno and concluded 
that it also had OH groups at Cj), C,, and Cy», as in 
cholic acid. 

The above work showed that further examination 
of amphibian bile was likely to yield results of much 
interest and the present report is of a preliminary 
investigation of the bile salts of R. temporaria. 


RESULTS 


An interpretation of the experimental findings is 
given in Fig. 1. The chief constituent of the bile was 
a sulphate ester, readily obtained as the sodium salt 
(I) as previously described (Haslewood & Wootton, 
1950). If the (probably) pentahydric alcohol with 
which the sulphate is esterified is called ‘ranol’ and 
the isolated bile salt ‘sodium ranol sulphate’, the 
chief product of acid hydrolysis, as carried out, 
appeared to be ranol (II) itself, not obtained crystal- 
line, but easily converted by mild acetylation in fair 
yield into a tetraacetate (IV), which could be 
oxidized to a monoketone (V). Alkaline hydrolysis 
of ranol sulphate, on the other hand, led to a 
mixture from which it was not, except in one ex- 
periment, possible to isolate the above tetraacetate. 
However, there was obtained after partial acetyla- 
tion a mixture of crystalline acetates, the analysis of 
one of which (VI) suggested that the main product 
of alkaline hydrolysis, as usually carried out, was a 
substance derived from ranol sulphate by the 
elimination of an OH group, together with the 
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sulphate. Since the acetate (VI) appeared to be 
saturated, the chief product (not crystallized) 
formed by the above reaction most probably con- 
tained an oxide ring and is referred to tentatively as 
‘anhydroranol’ (IIT), e.g. 


Oso; OH 


Oo 
ah cclied atta called +80;~ +H,0 


Ranol sulphate (I) Anhydroranol (IT) 


The product of alkaline hydrolysis could also be 
converted by oxidation into a mixture from which 
was readily isolated a neutral substance (IX), whose 
probable formula can be explained on the assump- 
tion that a —CH,OH group in anhydroranol (III) 
was oxidized to —CHO and two —CHOH groups to 
=C:O, the oxide ring remaining unaffected. 

A crystalline acid, purified as the methyl and 
ethyl esters (VII and VIII) was obtained by chromic 
oxidation of a hydrolysed mixture from which the 
only crystalline material isolated by acetylation 
was the tetraacetate (IV). It is tempting to assume 
that this acid arose by oxidation of a —CH,OH 
group in ranol to —COOH and the conversion of 
four —CHOH groups to —C:O, an interpretation 
which is supported by the analytical figures and 
which is shown in Fig. 1. However, the acid was 
obtained in very small yield and its preparation 
often failed, so that some doubt is felt as to its really 
arising in the manner suggested. The above esters 
were compared with, and found to be different from, 
the appropriate esters derived from dehydronor- 
and dehydrobisnor-cholic acid, prepared from cholic 
acid as described by Shimizu & Kazuno (19365). 


EXPERIMENTAL 


General. All melting points are uncorrected. Optical 
rotations were determined in a 1 dm. microtube; micro- 
analyses were done by Weiler and Strauss, Oxford, and by 
Mr A. T. Macdonald, Edinburgh. Al,0,; was supplied by 
Hopkins and Williams Ltd.; l.p.=light petroleum, b.p. 
40-60°. 20% CrO, was as described by Haslewood & 
Wootton (1951). H-test =Hammarsten’s HCl test (Hasle- 
wood, 1943). 


Substances derived from the bile 
of Rana temporaria 


Sodium ranol sulphate (simplified preparation). A sample, 
mn.p. 183—184°, was prepared and analysed by Haslewood & 
Wootton (1950). A simpler preparation was as follows: 
392 gall bladders, preserved in ethanol, were ground in a 
mortar and thoroughly extracted with fresh ethanol. The 
filtered extract was evaporated and the residue extracted 
several times with ethanol in an evaporating dish at room 
temperature. The ethanol-insoluble residue was collected, 
washed with ethanol and dried in vacuo over H,SO,. It was 
a light-brown microcrystalline powder of m.p. 185° (gas), 
and weighed 1-23 g. A further crop was obtained by evapor- 
ation of the ethanol extracts and washings, followed by re- 
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extraction of the residue with cold ethanol: the ethanol- 
insoluble material weighed 0-23 g. and had m.p. 182° (gas). 

Acid hydrolysis of ranol sulphate. Sodium ranol sulphate 
(0-5 g.) was dissolved in 0-25N-HCl (20 ml.) and the solution 
in a flask was heated, with occasional shaking, in a gently 
boiling-water bath. After 1-2 hr. a gel formed and the 
amount of this slowly increased. After about 20 hr. heating 
the gel was collected on a filter, squeezed as far as possible 
free from aqueous acid, washed with water and dried in 
vacuo over H,SQ,. Yield, 0-35 g. (approx. 89%, calculated 
on the proposed formulae) of a brown solid, giving a blue 
colour in the H-test. This is regarded as mainly crude ranol 
(II); it could not be crystallized. 

Ranol tetraacetate (IV). The above material (0-1 g.) was 
dissolved in dry pyridine (1 ml.) with acetic anhydride 
(1 ml.) and the mixture left at about 20° for 19 hr. with 
occasional shaking. Dilution with aqueous HCl precipitated 
a brown gum which was collected after about 4 days and dis- 
solved in ethanol. The filtered solution was evaporated and 
the residue crystallized from an approx. 30% (v/v) mixture 
of ether/l.p. The crude acetate (80 mg.) was then recrystal- 
lized from 1.p./benzene from which it gave white needles 
(47 mg.) of m.p. 146-148°. Crystallization from dilute 
methanol and elution from Al,0, with benzene, followed by 
further recrystallizations from |.p./benzene finally gave 
white needles of ranol tetraacetate (IV) which had m.p. 
155-156°. [a]#°= -12+4° in CHCl, (c, 1-0). (Found: 
C, 68-0, 67-8; H, 9-4, 9-4. C35 3¢Hs¢-5g0, requires C, 67-7- 
68-1; H, 9-0-9-2%.) 

A sample of this acetate (15 mg.) was made from the 
product (24 mg.) of the acid hydrolysis of the purified bile 
salt (50 mg.) described by Haslewood & Wootton (1950). 

Monoketone (V). The above acetate (47 mg.) in acetic acid 
(0-5 ml.) was treated with 20% CrO, (0-05 ml.), together 
with water (1 drop), todissolve the precipitate. After 10 min. 
the solution was diluted and the product which separated on 
standing collected, washed with water and dissolved in 
ethanol. Evaporation of the ethanol left a residue which 
crystallized from 1.p. and the 1.p./benzene in white needles. 
This ketone (V) had m.p. 130-132°. (Found: C, 67-8; H, 
8-2. Cys s¢Hss-s6O0, requires C, 68-0-68-4; H, 8-7-8-9%.) 
[x]3#° = +27+2° in CHCl, (c, 0-5).) The semicarbazone, 
prepared in the usual way, was a partially crystalline powder 
of m.p.171-175°. (Found: N, 6-1. Cy¢_37H57_590,N, requires 
N, 6-2-6-1%.) 

Esters (VII) and (VIII). The only samples of the acid 
giving these esters were prepared from a product made by al- 
kaline hydrolysis of the bile salts under conditions not very 
accurately defined, but which included heating crude bile 
salts (c, 5g.) for about 21 hr. in NaOH solution (30 g./l.). The 
neutral product which separated was collected, washed and 
dried; it gave on partial acetylation the acetate (IV) as the 
sole crystalline material isolated. A similar alkali-hydro- 
lysed product could not be prepared again, under more 
carefully defined conditions of hydrolysis, for all other 
neutral substances obtained from the bile salts by alkali 
treatment gave derivatives apparently of the anhydroranol 
(see below). Several oxidations of the above product were 
carried out; the following experiment was one of those which 
led to crystalline material: the above-mentioned alkali- 
hydrolysed product (0-2 g.) in acetic acid (2 ml.) was treated, 
with cooling to about 20°, with 20% CrO, (2 ml.) added 
gradually with shaking. After 2 hr. the solution was diluted 
and treated with NaCl (excess). The gummy precipitate was 
collected after about 16 hr.; it was washed with water and 
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then boiled with n-NaOH. The cooled mixture was filtered 
from gummy neutral material and the filtrate acidified with 
H,SO,. After the addition of NaCl (excess) the precipitated 
acid was collected, washed with water and dried in vacuo 
over H,SO,. Yield: 80 mg. of acidic material which, from 
dilute ethanol, gave needles (25 mg.) of m.p. approx. 
211-218° (decomp.). These were gently boiled for 1 hr. 
under reflux with 2-5 ml. of a mixture of ethanol (5 ml.) and 
H,SO, (0-5 ml.). The cooled solution was diluted with 
Na,CO, solution (excess) and the insoluble material collected, 
washed and crystallized from dilute ethanol, from which the 
ethyl ester (VIII) formed leaflets (10 mg.) of m.p. 157-159°. 
(Found: C, 71-6, H, 8-7. Cog_39H4g2-440¢ requires C, 71-6—72-0; 
H, 8-6-8-8 %.) 

Another sample (25 mg.) of the above crude acid was 
esterified with diazomethane. The product, in ether, was 
washed with dilute NH, solution and water, and the solvent 
was removed. The residue, in benzene, was eluted from an 
Al,O, column with benzene and crystallized from 1.p./ 
benzene, from which the methyl ester (VIL) gave short 
white needles of m.p. 184-185°. (Found: C, 71-5; H, 8-1. 
Cog-29H go-4206 requires C, 71-2-71-6; H, 8-5-8-6%.) 

Alkaline hydrolysis of ranol sulphate (leading to anhydro- 
ranol derivatives). Except in the case given above, it did not 
prove possible to prepare the same derivatives from the 
alkali-hydrolysed bile salts as could be made from the 
material derived by acid. An effective method of alkaline 
hydrolysis was as follows: a solution of the bile salts (0-2 g., 
purified and of m.p. 183-184°) in water (4ml.) with 
5n-NaOH (1 ml.) was sealed in a metal bomb and heated at 
about 110° for 8 hr. The bomb was cooled and its contents 
washed out with water. The precipitated solid was collected, 
washed with water and dried in vacuo over H,SQ,. Yield: 
0-14 g. (approx. 92 %, calculated on the suggested formulae) 
of a light brown powder, giving a feeble response in the 
H-test. By addition of BaCl, to the acidified liquors, it was 
found that the sulphate content (as S) of the bile salts was 
about 5-9%. 

The acetate (VI). The above product (0-13 g.) in pyridine 
(1 ml.) was treated with acetic anhydride (1 ml.) and the 
mixture was warmed to about 50° and then left at about 22° 
for 16 hr. The solution was diluted with water and 5n-HCl 
and extracted with ether. The ether was washed with water, 
NH, solution, water, dried (Na,SO,) and evaporated. The 
residue readily crystallized from |.p./ether, giving crystals 
(70 mg.) of m.p. 175-204°. This material was recrystallized 
from dilute ethanol after which the product (40 mg.) had 
m.p. 202-216°; this mixture was then eluted from a column 
containing Al,O, (0-5 g.) with benzene (40 ml.). After three 
recrystallizations of the eluted material (30 mg.) from dilute 
ethanol, the acetate (VI) formed glistening white leaflets 
of m.p. 217-219°. (Found: C, 72-9, 73-3; H, 9-6, 9-7. 
Coo_30H4e_500; requires C, 73-1-73-5; H, 10-1-10-2 %.) 

Alkaline hydrolysis of this acetate in the usual way gave 
a gelatinous solid which, after drying, responded feebly, if 
at all, to the H-test. On the other hand, the acetate (IV) 
(see above) gave on hydrolysis a gel, which, after drying, 
gave a definite purplish colour in this test. 

The neutral compound (IX). The above-described material 
(0-1 g.), made by bomb hydrolysis with alkali, was dissolved 
in acetic acid (1 ml.) and treated at 19° with 20% CrO, 
(1 ml.) added gradually with mixing. After 1-2 hr. at 20°, 
the solution was diluted and saturated with NaCl. The 
precipitated solid was collected, washed with water and 
stirred with warm 0-1n-NaOH. The insoluble material was 
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filtered off. (The filtrate gave an amorphous acidic mixture 
(19 mg.) on acidification.) The alkali-insoluble precipitate 
was dissolved in ethanol and the filtered solution evapor- 
ated. The residue (23 mg.) was a partially crystalline solid of 
m.p. 173-179°. This was eluted from Al,O, (0-4 g.) with 
benzene (15 ml.) and recrystallized from ether, from which 
it formed white needles. Thus prepared, the neutral compound 
(IX) had m.p, 189-190-5°. (Found: C, 76-4, 76-6; H, 9-2, 9-1. 
Cer-a¢Hyo-420, requires C, 75-7-76-0; H, 9-4-9-5 %.) 


Derivatives of nor- and bisnor-cholic acid 

Nor- and bisnor-cholic acids were prepared as described 
by Shimizu & Kazuno (19366). Prepared in the usual way, 
ethyl dehydronorcholate crystallized from dilute ethanol as 
long white needles of m.p. 234-235° (decomp.). (Found: 
C, 71-4, 71-4; H, 9:0, 8-8. CysH,,0; requires C, 72-1; H, 
8-7%.) 

Bisnorcholic acid was esterified with diazomethane and 
the product oxidized with CrO, in the usual way. The crude 
dehydro ester was purified by elution from Al,O, with 
benzene and crystallized from 1.p./benzene, from which 
methyl dehydrobisnorcholate formed long white needles of 
m.p. 191—193°, depressed by the methylester (VII). (Found: 
C, 70-9; H, 8-4. C.3H.0, requires C, 71-1; H, 8-3%.) 


DISCUSSION 


Biological. The reported work agrees with that of 
the Japanese on R. catesbiana and on the Japanese 
toad, in that the main bile salt of R. temporaria also 
appears to be a neutral alcoholic substance or sub- 
stances conjugated with sulphate. The amount of 
bile used in this research was insufficient for the 
identification of the minor quantities of acids which 
were also present. 

The ‘sodium ranol sulphate’ now investigated 
appears to resemble closely, if not to be identical 
with, the sulphate, m.p. 178°, isolated by Kurauti & 
Kazuno (1939) from R. catesbiana, but a careful 
scrutiny of Kazuno’s (1940) report on pentahydroxy- 
bufostane and other neutral substances from toad 
bile has failed to suggest the identity of these or any 
of their derivatives with material from R. tem- 
poraria. The conclusion is that at least two species of 
Rana probably contain the same bile salt, but that 
this is different from similar compounds in the bile 


_of one species of Bufo. 


Okasaki (1944) has reported that the chief bile 
salt of the aquatic salamander Diemyctylus phyr- 
rhogaster is likewise the sulphate ester of a neutral 
steroid alcohol. 

The presence of such neutral substances in bile 
of amphibia would suggest, on the hypotheses put 
forward by Haslewood & Wootton (1950), that these 
creatures are evolutionarily of a primitive type and 
that they agree with at least some of the elasmo- 
branch fishes and with. the carp Cyrinus carpio 
(Haslewood, 1951) in this respect. It would be un- 
wise at present to suggest that any closer biological 
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relationship is indicated by the similarities so far 
revealed in the chemical nature of the neutral bile 
salts. 

Chemical. The scheme put forward in Fig. 1 to 
explain the relationships between the crystalline 
substances isolated must be regarded as tentative. 
An alternative explanation, that ‘sodium ranol 
sulphate’ is a mixture, components of which give 
rise to the ranol and anhydroranol derivatives, can 
hardly be upheld since the acetates IV and VI were 
isolated exclusively after acid and alkaline hydro- 
lysis, respectively, from the same purified sample of 
the sodium salt. Moreover, although it is difficult 
to be certain on this point, purified sodium ranol 
sulphate behaved as a single reproducible com- 
pound in melting point and general properties; its 
analysis agreed fairly well with the postulated 
formulae. However, the case for the scheme in 
Fig. 1 would be greatly strengthened if ranol and 
anhydroranol themselves could be obtained in 
crystalline form. No trace was detected of the 
crystalline unsaturated ‘trihydroxycholene’ of 
Kurauti & Kazuno (1939), which was presumably 
derived from their sulphate by elimination of the 
sulphoxy group, together with an adjacent hydrogen 
atom, during alkaline hydrolysis. 

The amount of significance which should be 
attached to the feeble or negative response to the 
Hammarsten test given by anhydroranol is doubtful, 
for it was found that the carbinols derived by 
reaction of the Grignard reagent with methyl 
cholate and methyl norcholate also responded 
feebly to this test. Clearly, response to a Hammar- 
sten test can be greatly modified by the side chain of 
the steroid, and although a positive reaction is very 
probably, in a natural steroid, indicative of hydroxyl 
groups at C,.,,C,,, and Cy», a failure to give a blue 
or purple colour cannot necessarily be taken as 
indicating the absence of such groups (see also, for 
example, Shimizu & Kazuno, 1936a, b). The colour 
given by ranol certainly suggests that this substance 
has three of its hydroxyl groups in the above- 
mentioned positions. One of the remaining two OH 
groups in ranol is, possibly, primary, and both were 
readily acetylated. If the structure suggested (see 
Results) for compound IX is correct, one at least of 
the nuclear OH groups must be involved in the 
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formation of the oxide ring in anhydroranol. The 
monoketone (V) appears to be derived from a 
steroid containing a free hydroxyl group at Cy» 
(compare pythocholic lactone, Haslewood & 
Wootton, 1951). 

The analytical figures do not enable one to choose 
between formulae for a C,, or C,, steroid for ranol 
and its derivatives. Ifranol is in fact a C,, steroid, it 
would be difficult to explain its derivation from 
cholesterol, an origin frequently suggested for 
scymnol and the C,, bile acids. 

One of the chief objects of this work has been the 
development of methods which can be applied to 
other species and might then be expected to lead to 
the isolation of identifiable crystalline substances. 
Such a substance, which might be of value in future 
work, is the so-called ranol tetraacetate (IV). 


SUMMARY 


1. The chief bile salt found in the frog Rana 
temporaria was a sulphate, now temporarily named 
‘sodium ranol sulphate’, of a pentahydric alcohol, 
‘ranol’, probably Cy,-2.H43-45;(OH);. 

Derivatives of this alcohol could be isolated after 
acid hydrolysis of the sulphate. After alkaline 
hydrolysis, however, the only crystalline compounds 
isolated appeared, except in one experiment, to be 
derived from an ‘anhydroranol’, a saturated sub- 
stance whose molecular formula is less by H,O than 
that of ranol. It is suggested that the molecule of 
anhydroranol, like that of scymnol, contains an 
oxide ring. 

2. A relationship between the seven crystalline 
substances now obtained in purified form from 
frog’s bile is tentatively suggested. It is thought 
that some of these substances may be of value in 
future investigations of bile from other species. 

3. Ranol may be a steroid whose molecule 
contains a primary hydroxy] group, with secondary 
hydroxy] groups at Cz), C,,, and C4). The remaining 
OH group was readily acetylated. 

4. The possible evolutionary significance of 
similar sulphate esters in the bile of vertebrates is 
briefly discussed. 

The author thanks Mr D. H. Gadd for his kindness in 
collecting the frog’s bile used in this work. 
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Studies on the Analysis of Vitamins D 


6. A NOTE ON THE PREPARATION OF FLORIDIN EARTH 
FOR VITAMIN D CHROMATOGRAPHY 


By J. GREEN 
Walton Oaks Experimental Station, Vitamins Litd., Tadworth, Surrey 


(Received 10 October 1951) 


Further work on the use of floridin earth for the 
chromatographic analysis of materials containing 
vitamin D, as described in earlier papers (Green, 
195la-c), has shown that the preparation of the 
earth before use is of a more critical nature than had 
originally been thought. The adsorbent used in these 
earlier papers was ‘prepared for Emmerie’s test’ 
supplied by British Drug Houses Ltd. The prepara- 
tion process consists essentially of an activation 
with boiling hydrochloric acid under controlled con- 
ditions ; activation appears to take place first by the 
removal of carbonates and other soluble materials 
and, secondly, by the breakdown of the surface 
structure of the earth. Trials on recently received 
samples of earth show that this preliminary pre- 
paration can ‘over-activate’ the earth by carrying 
the breakdown process too far. If this extensive 
structural breakdown (the process is an irreversible 
one) should occur, the earth is then unsuitable for 
chromatography, destroying 20—40 % of the vitamin 
D during the adsorption procedure. The earth is, of 
course, still quite suitable for vitamin E chromato- 


graphy. 


Whilst it is hoped that suitably prepared samples 
of floridin may be available in the future, a satis- 
factory laboratory method of preparation has been 
found to be as follows: 100 g. of the crude untreated 
earth (obtainable from British Drug Houses Ltd.) is 
made into a slurry with 260g. of concentrated 
hydrochloric acid and 40 g. of water. The mixture 
is boiled for 30 min. under reflux. After cooling, the 
floridin is washed with water, first by decantation 
and then on a filter at the pump, until free from acid. 
The floridin is then dried at 37—40° in thin layers, 
turning the layers frequently. When dry, the earth 
is passed through a 160-mesh sieve; the retained 
portion is suitable for use and remains so in- 
definitely. 

Although the length of time for the activation as 
stated above appears to be satisfactory, it is possible 
that this may have to be varied slightly from batch 
to batch of untreated earth. It is therefore recom- 
mended that the prepared sample be tested for 
quantitative adsorption and elution. 
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